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ABSTRACT
The Lao.8Sro.2Mni-xZnx03 system with x = 0, 0.01, 0.03, 0.05, 0.1,0.15, 0.3, 0.5 and
0.75 was prepared by the solid state reaction and investigated by structural, transport
and magnetic properties measurements.
X-ray powder diffraction results indicate a single orthorhombic phase over the whole
range of x values and an increase in the lattice parameters (a, b, c) with an increase in
zinc doping concentration in the studied system. Single phase is retained for x < 0.3.
SEM investigation shows that the average grain size of the Lao.8Sr0.2Mni_xZnx03
system decreases from 3 pm to less than 1 pm with increases in the zinc doping level
in the system.
Results of transport measurements performed by the four-probe technique indicate
that the insulator to metal transition temperature, 7Vm, decreases with an increase in
the zinc substitution in the Mn site, while the resistivity of the Lao 8Sr02Mni-xZnxC>3
system increases with an increase in the doping concentration for all doping levels.
Magnetic measurements were performed in a dc field of 0.01 T and 1 T for the
temperature region between 4.2 K and 340 K using the Physical Properties
Measurement System

( PPMS ), Quantum Design. The magnetisation versus

temperature results show that the ferromagnetic transition temperature, 7/-, of the
Lao.8Sro.2Mn i-xZnx0 3 system decreases with increasing zinc doping. It is observed
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that Tf decreases slowly for x < 0.05 from 340 K to 330 K; it drops veiy fast from 330
K to 100 K for x < 0.3, and finally the system becomes only paramagnetic.
The possible mechanism behind the effects of zinc doping into the Lao.8Sro.2Mn 1.
xZnxC>3 system involves degradation of the double exchange between Mn3+ - O - Mn4+
in the compound as Mn ions are replaced by nonmagnetic ions that cannot participate
in the exchange and thus act as a barrier to electron transport.

in
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PART ONE

FUNDAMENTAL CONCEPTS AND LITERATURE REVIEW

CHAPTER ONE

FUNDAMENTAL CONCEPTS

1.1 INTRODUCTION

Magnetic phenomena have been known and exploited for many centuries. The earliest
experiences with magnetism involved magnetite, the only material that occurs
naturally in a magnetic state. After the production of iron from its ores had become
possible, it was realised that not only could two pieces of magnetite attract each other,
but that magnetite could also attract iron. There are many such materials known today,
and it is useful to give a simple definition of a magnetic material.

1.1.1 Magnetic material

If two objects attract each other and also repel each other (depending on their relative
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orientation), then these objects might be called magnets. There are also other objects
that are attracted to, but are not repelled by each other. Such objects may be said to
consist of magnetic materials.

1.1.2 Effect of magnetic field on materials

One of the most fundamental ideas in magnetism is the concept of the magnetic field.
When a field is generated in a volume of space it means that there is a change in
energy of that volume, and furthermore that there is an potential gradient so that a
force is produced. This force can be detected by the acceleration of an electric charge
moving in the field, by the force on a current-carrying conductor, by the torque on a
magnetic dipole such as a bar magnet, or even by a reorientation of spins on electrons
within certain types of atoms. The torque on a compass needle, which is an example
of a magnetic dipole, is probably the most familiar property of a magnetic field. The
magnitude of this field is proportional to the couple acting on a given compass
needle. We define the magnetic field, //, of a coil carrying a current to be
H = ni

(1 )

where / is the current in the coil measured in amperes and n is the number of turns per
meter, H can thus be expressed in amperes per meter or A.m'1, Apart from Hy the
couple or torque on a magnetic dipole - a compass needle for example, in the field
depends also on the nature of the compass needle and on its orientation relative to the
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axis of the coil, being a maximum when the needle is perpendicular to the axis and
zero when it is parallel. It is important to realise that the magnetic field has not only a
magnitude, but also a direction, just as any force has a direction as well as a
magnitude. The magnetic field of a coil is parallel to the axis of the coil.
A plane loop of wire carrying a current also experiences a couple in a couple in a
magnetic field. It is found that the couple is proportional to the current i, and to the
area of the loop, S. The loop therefore has a magnetic dipole moment of magnitude
m = iS

(2 )

It can be shown by experiment that the dipole is perpendicular to the plane of the
loop.
As the torque, G, acting on a dipole m in a magnetic field H is proportional to H and
to m, it may seem convenient to define m as being of unit magnitude if it experiences
a unit torque in a magnetic field of 1 A .m 1. However in the system of units widely
adopted nowadays, the SI system, the torque on a unit dipole in a unit field is not
equal to 1 N.m. We express the torque as
G = //omHsinfy

(3 )

where juo is a universal constant called the permeability of vacuum, and 0 is the
angle between the magnetic field and the dipole.
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If the space inside the coil is filled with some material rather than vacuum, the torque
acting on the dipole will be different, depending on the material. It is necessary to
define another kind of magnetic field, which determines the torque acting on the
dipole in the general case when the dipole is surrounded with a material. This second
type of magnetic field is called the magnetic induction, denoted by B. Equation 3 now
becomes
G = mBsintf,

(4 )

which is more generally valid than equation 3. The unit of B is the Tesla, T. Equation
4 shows that the torque on a dipole moment of 1 A.m2 in a magnetic induction of 1 T
is 1 N.m if m is perpendicular to B.
Equations 3 and 4 show that in a vacuum, B and H are related by
(5 )

B = juqH.

B and H are always parallel to each other in a vacuum. If a material is present,
equation 5 does not hold. The material acquires a dipole moment in the presence of
the magnetic field. The magnitude of the dipole moment acquired by a specimen of a
given material in a given field is proportional to its volume. We can therefore define
the magnetisation, M, of the material as being its dipole moment per unit volume.
The magnetisation is related to B and H by
B = n Q{H + M),

(

6)

which is generalisation of equation 5. Equation 6 shows that the magnetisation is
measured in the same units as

i. e. in A.m'1.
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1.1.3 Magnetic susceptibility - the most important magnetic property

The magnetisation of a material in general depends on the magnetic field acting on it.
For many materials, M is proportional to H (at least when H is not too large) and we
may write
M =xH ,

(7 )

where / is the magnetic susceptibility, a property of the material. Since M and H
have the same dimensions, x is dimensionless. We can combine equation 7 with
equation 6, to get
B = n < i\+ x )H .

(8)

Thus 1 + x expresses the proportionality of B and H. We define
(9 )

B=1+X,

where ¡j, is the magnetic permeability. Equations 8 and 9 give
( 10 )

Either ¡jl or x may he used to characterise a material. For different materials, x
ranges from values much less than 1, both positive and negative, to positive values
much greater than 1. For materials that have very small susceptibilities, it is much
more convenient to use x than

Physicists tend to regard the susceptibility, x, as

the fundamental magnetic property of the materials, while engineers usually
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characterise the material by its permeability, //, because they are interested in the
magnetic induction produced by the material rather than its magnetisation.

1.1.4 Temperature dependence of magnetic susceptibility

X has been defined as the ratio of the magnetisation, i.e. magnetic moment per unit
volume, to the applied field. However, when the temperature changes, it affects the
volume of the material as well as its magnetic moment, because of thermal
expansion. The temperature dependence of / is valid only for an idealised material in
which thermal expansion does not take place. Experimentally, it is easier to measure
accurately the mass of a specimen than its volume. It is customary therefore to
express the results of measurements in terms of magnetic moment per unit mass. The
ratio of this quantity and the applied field is called the mass susceptibility, Xm- The
relationship between x and Xm is
X = PXm

(1 1 )

where p is the density. Therefore, Xm has to be expressed in units of m3.kg'1.
Although in real materials, only Xm is unaffected by thermal expansion, it is still more
convenient to use x i*1 general discussions of magnetic properties, and neglect
thermal expansion since x is dimensionless.
Within the class of materials having positive susceptibility, the magnitude of the
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susceptibility varies over a very wide range - from values several orders of magnitude
less than one to values several orders of magnitude greater than one. Experimentally,
it is found that all these materials follow the relationship
X = C/(T±6)

(1 2 )

where T is the temperature in K and C and 6 are positive constants different for
each material. In some materials, it is found that 6 = 0 and that equation 12 is obeyed
down to the lowest temperatures at which measurements have been made. These are
the simplest materials in the class, and are called paramagnetic. Materials in the other
main class, for which x is negative are called diamagnetic.

1.1.5 Critical temperature and spontaneous magnetisation

The critical temperature is the temperature below which the variation of x with T is
very different from the variation above. The simplest case is the one where the
negative sign occurs in equation 12. Then, obviously, / becomes very large when T
approaches 6. At T = 6, / would be infinite. An infinite susceptibility means that a
finite magnetisation can exist even in a zero applied field. This must happen in
permanent magnets. There are other materials that become strongly magnetised in
relatively small fields, but do not retain a significant magnetisation when the field is
removed. Thus, the magnetisation of a material in a zero field can have different
values and therefore can not be regarded as a property of the material. However, it is
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found that if a relatively small field is applied to these materials, the magnetisation
tends to a constant value, called the saturation magnetisation, Ms, and that the
magnetisation does not increase significantly with further increases in the applied
field.
The class of materials for which 6 has a negative sign in equation 12 is further
subdivided into two groups. In one group, equation 12 is followed to a reasonable
accuracy at all temperatures above T = 0, with small departures occurring mainly
around T = 0. The critical temperature is approximately equal to T - 6, and is called
the Curie temperature, Tc. Ms varies with temperature in a similar way for all
materials in the group. Tc is different for each material, and Ms at a given temperature
is different as well. But if we measure Ms for two different materials at temperatures
such that T/Tc is the same for the two materials, and we also measure Ms at a very
low temperature for each of these materials, we will find that the value of MS(T) /
Ms(0) is the same for both materials. Here MS(T) denotes the value of Ms at the
absolute temperature T. If we plot a graph of Ms against Tc the plot will be
approximately superimposed. Figure 1 shows this behavior schematically. It is seen
that the spontaneous magnetisation tends to a constant value as the temperature tends
to absolute zero. As temperature increases, the spontaneous magnetisation decreases
more and more rapidly. Materials in this group are called ferromagnetic.
The other subgroup is called ferrimagnetic materials. Equation 12 is only followed at
temperatures that are large compared with the Curie temperature, and the plots of Ms
against Tc for different materials can not be usually superimposed.
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There is another group of materials, whose properties resemble those of
antiferromagnetic materials in many ways. Their susceptibilities also increase as
temperature decreases from a large value. They also go through some kind of
transition at low temperatures; they do not obey equation 12. However, the nature of
the transition and the low temperature behavior are more complicated than in
antiferromagnetic materials. These materials are called spin glasses, and are currently
of great interest to physicists, because their properties are not fully understood.

1.1.6 Classification of materials according to their magnetic properties

The various different types of materials are traditionally classified according to their
bulk susceptibility. The first group is materials for which x is small and negative
X ^ -10 5 . These materials are called diamagnetic, and their magnetic response
opposes the applied magnetic field. Examples of diamagnets are copper, silver, gold,
bismuth and beryllium. Superconductors form another special group of diamagnets
for which £ « - l.
The second group is materials for which x is small and positive and typically x *
1(T3 - 10"5. These materials are called paramagnets. Their magnetisation is weak but
aligned parallel with the direction of the magnetic field. Examples of paramagnets are
aluminum, platinum and manganese.
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The most widely recognised magnetic materials are the ferromagnetic solids for
which the susceptibility is positive, much greater than one, and typically can have
values x ® 50 to 10 000. Examples of these materials are iron, cobalt, nickel, several
rare earth metals and their alloys.
There are some other types of magnetic materials apart from the three classes of
diamagnets, paramagnets and ferromagnets given above. These other materials are all
very closely related to ferromagnets because they are magnetically ordered. They are
ferrimagnets, antiferromagnets, helimagnets and superparamagnets. They were
discovered many years after the three classical groups of magnetic materials
discussed on page 13.

Saturation magnetisation
Ms

Figure 1

Effects of temperature on the saturation magnetisation Ms of a
ferromagnetic material below its Curie temperature Tc [1].
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Figure 2

Temperature dependence of the magnetic susceptibility in
paramagnets, ferromagnets and antiferromagnets [2], Below the Neel
temperature of an antiferromagnet the spins have antiparallel
orientations; the susceptibility attains its maximum value at TN where
there is a well-defined kink in the curve of x versus T. The transition
is also marked by peaks in the heat capacity and the thermal expansion
coefficient.
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(b)

(d)

Schematic diagrams of the alignment of magnetic moments, (a) in
paramagnetic materials at all temperatures, (b) in ferromagnetic
materials, (c) in antiferromagnetic materials, and (d) in ferrimagnetic
materials at low temperatures [1].
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From bulk magnetic measurements the ferrimagnets are indistinguishable from
ferromagnets, while the antiferromagnets and helimagnets were mistaken for
paramagnets for many years.
Summary of the classification of materials according to their magnetic properties is
given below:
Diamagnetic materials
Critical temperature - None
Magnitude o f x~ Approximately -10"6 to -10'5
Temperature variation o f % - Constant
Spontaneous magnetisation - None
Structure on atomic scale - Atoms have no permanent dipole moments.
Paramagnetic materials
Critical temperature - None
Magnitude o f

Approximately +10‘ to +10'

Temperature variation o f / - / = C/T
Spontaneous magnetisation - None
Structure on atomic scale - Atoms have permanent dipole moments. Neighboring
moments do not interact.
Ferromagnetic materials
Critical temperature - Curie temperature, Tc
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Magnitude o f x - Large (below 7c)
Temperature variation o f x - Above 7c, X = & ( T - 0) with 0 ^ 6c
Spontaneous magnetisation - Below 7c, Ms against Tc follows a universal curve;
above Tc, none
Structure on atomic scale - Atoms have permanent dipole moments. Interaction
produces 11 alignment.
Antiferromagnetic materials
Critical temperature - Neel temperature, 7V
Magnitude o f x - As paramagnetic materials - Approximately +10" to +10'
Temperature variation o f x ~ Above TV, X = C/( T ± 0) with T =tTx below TV,
X decreases, anisotropic
Spontaneous magnetisation - None
Structure on atomic scale - Atoms have permanent dipole moments. Interaction
produces t i alignment.
Ferrimagnetic materials
Critical temperature - Curie temperature, Tc
Magnitude o f x - As ferromagnetic materials - large ( below Tc)
Temperature variation o f x ~ Above Tc, X - & ( T ± 0 ) with T * Tc
Spontaneous magnetisation - Below Tc, does not follow universal curve; above Tc,
none
Structure on atomic scale - Atoms have permanent dipole moments. Interaction
produces t i alignment, but moments are unequal.
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1.2 Colossal magnétorésistance (CMR) materials

1.2.1 Definition of CMR materials

When a magnetic field is applied, many solids undergo a change in their resistance.
This change in resistance, known as magnetoresistance, MR, is exhibited in a
magnetic field and is defined relative to the initial resistance in a null magnetic field
( Figure 4 ) by the formula:
MR = [p(H) - p (0 )]/p (0 )

(13)

where p(H) and p(O) are the following:
p(H) - resistance or resistivity at a given temperature in the presence of a magnetic
field,
p(O) - resistance or resistivity at a given temperature in the null magnetic field.
Magnetoresistance values can be positive or negative (MR > 0 or MR < 0). The
percentage value of the magnetoresistance in most metals is small. Large
magnetoresistance, known as a giant magnetoresistance (GMR), was first found in
bimetallic and multimetallic layers, and in granular materials [3-7]. The reason for the
appearance of GMR in these materials is that the applied magnetic field modifies the
electron-orbit and spin-orbit interactions, and in this way the field changes and
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controls the scattering of the conducting electrons in the metal [3-7].
The discovery of CMR in rare-earth manganites with perovskite structure and their
unique features have increased the interest of material engineers and physicists in
their potential technological applications in magnetic recording of information and
sensors. However, MR close to 100% is observed in most manganites, (Ri_xDxMn 03
where R represents a rare-earth element, and D represents a divalent alkali element
such as Sr, Ca, Ba or Pb), at low temperatures or when the magnetic fields applied to
the system are higher than 1000 gauss.
There are two important factors for the successful technological applications of CMR
materials. These factors are the room temperature and the small magnetic field (1000
gauss or less) in which the colossal magnetoresistance needs to occur. If such
materials are found it will lead to a multimillion electronic and microelectronic
industry.

1.2.2

The parent compound

ABO 3

perovskite

Manganese oxides with the cubic perovskite structure (typified by LaMnOs) have
stimulated considerable interest because of their magnetoresistive properties [8-19].
They exhibit extremely large changes in electrical resistance in response to an applied
magnetic field. This property is of relevance for the development of magnetic
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memory and switching devices. However, for the practical use of these materials,
great improvements are needed in both the sensitivity and temperature dependence in
an applied magnetic field.
The unit cell of a perovskite oxide - ABO3 is given in Figure 5 where the A, B, O are
the following:
A stands for large ions - Ca , S r , Ba , La , Pr at the comers of the unit cell
B stands for a small ion - Cr3+, Mn3+, Ti4+, Mn4+ in the center of the cell
Oxygen ions occupy the centers of the faces.

A

Figure 5

A

Perovskite structure of ABO3 oxide [21].

The stability of the perovskite structure depends on the relative sizes of the A and B
elements as well as the electronic configuration of the B site ions. The size factor is
expressed by a tolerance factor, t, generally defined by the relationship
Ra + Ro = N 2 (Rb + Ro)

(

14 )
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j5p/p(0)|(VO

p(ohm cm)

M(ernu/mole)(1(r)
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Figure 4

Temperature variation of resistivity ( at H = 0 Tesla and 6 Tesla ) and
magnetoresistance of polycrystalline Lao.8Cao.2Mn0 3 oxide [20].
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where RA, Ro, and Rb are the ionic radii of the A, O, and B ions. Goldschmidt [22]
pointed out that the perovskite structure is stable if the tolerance factor, t,
approximately equals unity. If t is slightly different from unity, the perovskite
structure is slightly distorted, and for large deviations from unity, different crystal
structures are found. The t values for the perovskite structure range from 0.8 to 1.1.
For t greater than 1, the space for the B ion in its “06” octahedron is large so that it
can rattle. Small t values ( t < 0.8 ), correspond to A and B ions of similar size,
leading to more close - packed structures. The tolerance factor is approximate and
empirical, although useful for predicting the occurrence of the perovskite structure. It
must be very carefully used bearing in mind that the notion of ionic radius is itself
approximate and depends on the coordination of the ions.
Most of the ABO3 perovskite oxides exhibit a distortion of the cubic cell, and can be
classified into three categories according to the valence of the A and B elements:
Group one - AIBv0 3 where A = Na, Ag, K, and more rarely Rb, Cs; and B = Nb, Ta;
Group two - Ant f v0 3 where A = Ba, Sr, Ca, Pb, and more rarely Cd; and B = Ti, Sn,
Zr, Hf, Mn, Mo, Th, Fe, Ce, Pr, U;
Group three - AIIIB[II0 3 where A = La, Bi, Y; and B = Fe, Cr, Co, Mn, Ti, V, Al, Ga.
LaMnC>3- the parent perovskite oxide studied in this research work belongs to the
third group of oxides according to the above classification - a V O s.

1.2.3 Theory of CMR materials
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The active exploration of the unusual and spectacular phenomena associated with
CMR materials has just begun. Ramakrishnan [23] indicated in a review paper
“Theory of Colossal Magnetoresistance: Some questions”, “We know the basic
ingredients of the phenomena, but we are unable to cook theories that have the full
flavour of reality”. There is no one theory that fully explains the properties of these
novel materials.
However, some theories have been developed to describe the behavior of these
materials as shown below.

1.2.3.1 Double exchange mechanism

When there is a sufficient proportion of Mn4+ (about 30% Mn4+), the oxide becomes
ferromagnetic and exhibits metal-like conductivity. Similarly, the electrical resistivity
increases with a decrease in temperature, as in an insulator, until the ferromagnetic
Curie temperature, Tc.
Below Tc, the resistivity decreases with temperature as in a metal. Thus, an insulatormetal transition occurs around the Tc. Zener explained the properties of these
manganites by a so-called double—exchange interaction between Mn 3 and Mn in
1951 [24]. Mn4+ ions can be introduced into the LaMn0 3 system by divalent alkali
elements such as Ca, Sr, Ba, Pb, e.g. Lai-SrxM n03.
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This interaction is expressed in the formula:

Mn3+O2' Mn4+ -» Mn4+0 2'Mn3+

(15)

Zener’s double exchange mechanism involves the transfer of an electron from the
Mn site to the central oxide ion and simultaneously the transfer of an electron from
i

i

the oxide ion to the Mn4+ site. The Mn - O - Mn angle and Mn - Mn transfer integral
are the structural parameters that affect the double exchange. The quantitative relation
between electrical conductivity and ferromagnetism, Zener obtained in the following
way:
The magnitude of the exchange energy, e, is determined through

v = 2e!h.

(16)

where vis the frequency of oscillation of the electron between two Mn sites.

D = cfe/h

( 17)

Equation 17 defines the diffusion coefficient for one Mn4+ ion, D, where a is the
lattice parameter. Using the Einstein relation between the electrical conductivity, a,
and the diffusion coefficient, Z),

-= neD/kT,

0

( 18)

where n is the number of ions (Mn1+) per unit volume.
Combining equations 17 and 18 we get

a= xe7e / ahkT,

(19)
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where jc is the fraction of Mn4+ ions in Lai-xDxMnC>3. The ferromagnetic temperature,
Tc, is related to the exchange energy, e, approximately by

kTc^ e

( 20)

From equations 19 and 20 we obtain
cr^ (x e2/

ah)(Tc/T)

(21)

Equation. 21 relates the electrical conductivity, er, to ferromagnetic temperature, To
and the fraction of Mn ions that have 4+ charge.
As Zener explained, double exchange should not be confused with superexchange
introduced by Kramers in 1934 [25].

1.2.3.2 Superexchange

Kramers [25] discussed the exchange interaction in non-metallic substances, and
pointed out that in addition to direct exchange interaction between magnetic ions, an
indirect exchange through the medium of an intervening diamagnetic ion or atom
may also play a part. Superexchange leads to an antiferromagnetic alignment of spins
(t i), while double exchange leads to a ferromagnetic alignment (t t ), because of the
presence of Mn ions with two different charges [24]. There are several workers who
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have extended or modified the Zener’s model as discussed below.

1.2.3.3 Semicovalent exchange

John Goodenough [26] reviewed the theory of semicovalent exchange and applied it
to the perovskite-type manganites in 1955. He proposed a qualitative theory for
magnetic interaction in the manganites that is based on the hypothesis of covalent and
semicovalent bonding between the manganese and oxygen ions in addition to Zener’s
double exchange interaction.
In the same year, Anderson and Hasegawa [27] calculated the interaction for a pair of
ions with general spin S, general transfer integral, b, and internal exchange integral J,
and pointed out that qualitatively double exchange is completely different from
ordinary exchange. They compared the results of their calculations for a ferromagnet,
ferrimagnet and double exchange ferromagnet on a 1//- T plot ( Figure 6 ), and
concluded that their result does not fit the experimental data on manganites.
The ideas of Anderson, Hasagawa and Goodenough [26,27] apply to a superexchange
interaction, where a 180° interaction in a system of d -oxygen-d is
antiferromagnetic ( f 1 ), but a d 3-oxygen-d 4 interaction would be ferromagnetic ( f t) ,
and the electrical conduction is not increased as in a double exchange interaction.
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De Gennes [28] discussed some effects of mobile electrons in some antiferromagnetic
lattices in 1960, and showed that if there is canting of the sublattices, the energy of
the electrons is lowered and gives rise to a canted-spin antiferromagnetic state. He
found that the canted arrangements are stable up to a well-defined temperature, above
which the system is either antiferromagnetic or ferromagnetic, depending on the
relative amount of mobile electrons.

Temperature [K]
Figure 6

Qualitative susceptibility curves for ferrimagnet, ferromagnet, and
double exchange ferromagnet [27].

1.2.3.4 Electron - phonon coupling

The double exchange mechanism can not explain the unique features of the
manganites completely, especially resistivity behaviour across the insulator - metal
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transition.
Millis at al. [29] proposed that a strong electron - phonon interaction arising from the
Jahn - Teller splitting of the Mn3+ ion plays a critical role in addition to the double
exchange model. This electron - phonon coupling can vary with the composition and
temperature. The ferromagnetic transition temperature, Tc, depends strongly on the
oxygen isotope mass [30, 31]. The large isotope effect on the ferromagnetic transition
temperature, Tc, experimentally observed in doped manganites [30, 31] suggests the
importance of the coupling of the electron spin to the lattice.

1.2.3.5 Non-electron-phonon mechanism

Nagaev [32-34] showed the existence of non-electron-phonon mechanisms for the
isotope effect, i. e. an isotope dependence of the number of excess or deficient
oxygen atoms at thermodynamic equilibrium and proposed his magnetoimpurity
theory of the colossal magnetoresistance materials. According to this theory [34], the
resistivity peak of ferromagnetic conductors is related to the imperfections of the
crystal lattice as well as the magnetic state of the crystal influencing the charge
transport. The basic idea is that the specific properties of the manganites are caused
by static fluctuations of the magnetisation induced by ionised donors or acceptors,
and are not related to the electron lattice interactions.

CHAPTER TWO

LITERATURE REVIEW

26

PART ONE

FUNDAMENTAL CONCEPTS AND LITERATURE REVIEW

CHAPTER TWO

LITERATURE REVIEW

2.1 Parent manganites

Rare earth manganites (ABO 3) without hole doping such as LaMnC>3, PrMnC>3 and
NdMnC>3, are insulators at all temperatures. In LaMnC>3, for example, the optical gap
is - 1.1 eV. These oxides undergo an antiferromagnetic (AFM) transition with a Neel
temperature, TN »150 K. The AFM ordering is of A - type where ferromagnetically
aligned layers are coupled antiferromagnetically. The insulating nature of the parent
oxides as well as the anisotropic magnetic interaction are related to their structure, in
particular the Jahn -Teller (JT) distortion around Mn3+ ions. If these insulators are
hole-doped (e.g. Ln partly substituted by a divalent ion), the Mn4+ ions decrease the
cooperative JT distortion. The structure plays a critical role in determining the
electron transport and magnetic properties of these oxides.
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2.2 Hole - doped manganites

LaMn 03 with a small proportion of Mn4+ ( < 5 %) becomes antiferromagnetically
ordered at low temperatures {TN « 150 K). When the La3+ ion in LaMnOs is
progressively substituted by a divalent cation as in Lai_xAxMn 03 ( A = Ca, Sr or B a ),
the proportion of Mn4+ increases and the orthorhombic distortion decreases. The
material becomes ferromagnetic with a well-defined Curie temperature at a finite x,
and metallic below Tc [21,35]. The simultaneous observation of itinerant electron
behavior and ferromagnetism in the manganates is explained by Zener’s double
exchange mechanism [24]. The basic process in this mechanism is the hopping of a d
hole from Mn4+ (d3, t2g3, S = 3 / 2) to Mn3+ (d4, t 2g3eg1, S = 2) via the oxygen, so that
the Mn3+ and Mn4+ ions change places:
Mn3+ 0 2_Mn4+

Mn4+ 0 2_Mn3+

( 22 )

This involves the transfer of an electron from the Mn3+ site to the central oxide ion
and simultaneously the transfer of an electron from the oxide ion to the Mn site.
Such transfer is referred to as double-exchange (DE) and is further discussed in
section 1.2.3.1.

2.2.1 A site doping effects
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2.2.1.1 Doped Lai_xAxMnC oxide with A = Sr or Ca
>3

Figure 7 illustrates how the electrical and magnetic properties of Lai.xCaxMn 03 [36]
and Lai-xSrxMnC>3 [37] change with the composition.
The phase diagrams are even richer than indicated in Figure 7. giving rise to the
fascinating properties and phenomena of these manganites. The material is generally
a ferromagnetic metal (FMM) below Tc when

~ 0 .2 < x < 0 .5 ,

becoming a

paramagnetic insulator (PMI) when T > Tc. In the low doped regime ( x < ~ 0.2 ) a
canted spin antiferromagnetic insulating state (CSI) or a ferromagnetic insulating state
(FMI) is often encountered. Charge ordering can also occur in this composition range,
but more commonly in the 0.3 < x <0.5 range. When x > 0.5, the materials are
generally antiferromagnetic insulators (AFMI) becoming paramagnetic metals (PMM)
or insulators above Tn. It should be noted that CaMnC>3and SrMnCb (x = 1.0) are
antiferromagnetic insulators below 7'v. The extent of the FMM regime depends on the
A site cation, being greater when A = Sr than when A = Ca. Thus, many of the
manganites exhibit charge ordering with its nature depending on the size of the A site cations.
As La in LaM n0 3 is progressively substituted by a divalent ion, the oxide becomes
rhombohedral or pseudocubic at some value of x (typically x > 0.2). The structures of
Lai.xAxM n0 3 compositions are therefore described as orthorhombic (.Pbnm),
rhombohedral (R3c), or pseudocubic. The same is broadly true of the other rare earth
manganates, Ln!-xAxM n0 3 (Ln = Pr, Nd etc.). The transfer interaction of the eg
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electrons is greater in the rhombohedral or the pseudocubic phase than in the
orthorhombic phase because the Mn - O- Mn angle becomes closer to 180°. The size
of the A - site cations plays an important role in manganites of the type
Lni-xAxMn 03 (Ln = La, Pr, Y; A = Ca, Sr, Ba). The structure is always orthorhombic
when the average size of the A - site cations, <rA>, is small ( <

1.22

A ). With an

increase in <rA>, the structure becomes rhombohedral down to very low temperatures.
However, in Lao.7Bao.3Mn 03, a new orthorhombic structure (Imma) has been
observed below 150 K, the R3c —> Imma transition being first order [38].
Substitution of La by 1+ ions such as H4, Li+, Na+, K+, or Rb+ theoretically make it
easy to achieve a higher percentage of Mn4+ with the same doping level than that
achieved by 2+ ions substitution [40]. For every ion with 1+ valence substitution for
the trivalent lanthanum ion, two Mn3+ ions need to be oxidised to Mn4+ The H+ radius
is so small that it is expected to be distributed interstitially instead of occupying La
sites. Na and K are not stable in the perovskite structure and they evaporate
significantly at high temperatures [40,41].
The analyses for Lai.xLixM n0 3 oxide show that Li substitutes onto the La site in the
rhombohedral perovskite lattice [40]. Large magnetoresistances over 20 % - 80 %
were achieved at fields from null to 13 Tesla over a wide temperature range
from ferromagnetic transitions down to 4.2 K for samples with x = 0.2 and 0.3. The x
=

0

and 0.1 samples show semiconducting behaviour in resistivity measured between

77 K and 300 K [40].
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Temperature - composition diagram of Lai_xAxMn 0 3 (a) = Ca (b) =
Sr; CSI, canted spin insulator; FMI, ferromagnetic insulator; AFMI,
antiferromagnetic insulator; PMM, paramagnetic metal [21,39].

2.2.1.2 Doped Lni_xAxM n 03 oxide with Ln = Pr, and A = Sr or Ca

Although the phenomena are fundamentally the same from the view point of
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magnetoresistance properties for all manganates Lni.xAxMnC>3, it is convenient in a
first approach to distinguish two types of behavior, based on the evolution of the
resistance of these oxides versus temperature in a zero magnetic field.
The first type of manganite synthesised with x < 0.50 generally exhibits a Ro (T)
curve (with Ro the resistance at zero magnetic field) characterised by a peak. Figure 8
illustrates this behaviour for ProjSro.osCao.isMnCb , where the peak shows a jump in
resistance of about five orders of magnitude at Tmax = 85 K [42].
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Temperature dependence of the resistance (R) and Rq/Rst for the
ceramic Pro.ySro.osCao.isMnCh oxide [42],
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Such an evolution, characteristic of an insulator to metal ( I - M ) transition with
decreasing temperature coincides with an abrupt change of the magnetic state. One
indeed observes that for the same compound a magnetization curve M (T) ( Figure 9 )
determined in a magnetic field of 1.4 Tesla is characteristic of a paramagnetic (PM)
to a ferromagnetic (FM) transition with decreasing temperature, with Tc = Tmax. Thus
the behaviour of this first class of manganites can be described by a PMI to FMM
transition with decreasing temperature.

0

Figure 9
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Corresponding magnetisation (M) versus temperature (T) curve for the
ceramic Pr0,7Sro.o5Cao.25Mn03 oxide [42].
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The second type of manganite, synthesised with x = 0.5 exhibits more complex p (T)
curves. This is the case of the manganite Pro.sSro.sMnCb whose CMR properties were
described for the first time by Tokioka at al. [43]. This second kind of manganite
exhibits two transitions at 250 K and 140 K in the p (T) curve ( Figure 10 ) indicating
the existence of a metallic state between 140 K and 250 K, sandwiched between two
insulating states for T < 140 K and T > 250 K respectively. The corresponding
magnetisation curve M (T), recorded in a low magnetic field of 100 G ( Figure 11 ),
shows that the first transition at 250 K corresponds to the appearance of the
ferromagnetic state with decreasing temperature (right branch of the curve), whereas
the second transition at 140 K results from the appearance of an antiferromagnetic
(AFM) state (left branch of the curve). In other words, this second type of manganite
behaves like the first type of manganite in having a PMI to FMM transition with
decreasing temperature, at Tc ~ 250 K. It differs from the first type by the existence
of a FMM to AFMI transition when the temperature is further decreased, with TN
= 140 K.
Both types of manganites exhibit negative CMR properties in a magnetic field. One
indeed observes a resistance ratio of R o/R h = 2xl0 5 near Tc (85 K) in a magnetic
field of 5 T for the first type phase ProjSro.osCao^MnOs ( Figure 8 ). The second type
phase shows a different behavior - the FMM to AFMI transition temperature is
decreased down to 80 K by applying a magnetic field of 7 Tesla ( Figure 9 ).
Although it is magnetoresistant, this second type of manganite exhibits a much lower
resistance ratio. The maximum value R(/RH reaches scarcely 20 at 60 K and 7 Tesla
( Figure 10).

Figure 10
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Resistivity ( p ) versus temperature (T) and resistance ratio R0/R7T
versus temperature (T) curves of Pro.5Sr0 5Mn0 3 oxide[43].

Figure 11

Corresponding relative magnetisation (M) versus temperature (T)
curve of Pro.sSro.sMnCh oxide [43],
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Thus the two types of manganites differ from one another not only by the nature of
the transition, but also by the value of the resistance ratio that can be attained. Finally,
it must be emphasised that the existence of a metal-insulator transition is not
absolutely necessary for the appearance of the CMR effect. This is for instance the
case for the manganite Pro.7Cao.26Sr0.o4Mn03 [44]. It exhibits semiconducting
behavior in zero magnetic field, and is transformed into a ferromagnetic metal when
submitted to a magnetic field of 5 Tesla ( Figure 12 ), so that a resistance ratio of
1011 can be reached at 30 K for this compound.

Figure 12

Resistance ( R ) versus temperature ( T ) curves at different fields for
Pr0.7Cao.26Sr0.o4Mn03 oxide [44].
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Investigation of the two series Pro.5Sro.5-xCaxMn 03 [45] and Pro.5-xYxCao.5Mn 03 [46]
shows clearly that the size of the interpolated cation plays an important role in the
magnetoresistive properties of these materials. This is illustrated by the evolution of
the resistivity ( Figure 13 ) and magnetization ( Figure 14 ) versus temperature for the
first series Pro.5Sro.5-xCaxMn 03.
One indeed observes that the temperature TN which characterises the transition from
the AFMI to the FMM state increases from 136 K to 190 K as x increases from 0 to
0.12, i.e., as the average size of the interpolated cation (Pr, Sr, Ca) decreases whereas
on the other hand Tc, which characterises the transition from the FMM to the PMI
state, decreases slightly from 270 K to 240 K as x increases. A similar evolution is
observed for Pro.5-xYxCao.5Mn 0 3 [46], except that Tc decreases more drastically as the
size of the interpolated cation decreases.
Thus decreasing the mean size of the interpolated cation in the second type of
manganite favours the AFMI and PMI states at the expense of the FMM state so that
1N increases and Tc decreases as <rA> decreases. In fact, there exists
a <rA> value beyond which the two antagonistic effects, type I (T~) and type II (TN)
approach each other so that the FMM state tends to disappear.
The application of a magnetic field modifies significantly the shape of the M (T) and
p (T) curves as illustrated for the manganite Pro.5Sro.4iCao.o9Mn 03 ( Figure_15 ).
Thus a negative magnetoresistance effect is observed for all these oxides. Moreover
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the value of the maximum resistance ratio is close to 3 000, i.e., much higher than that
ofPro.sSro.sMnOs ( ~ 17), which shows that the size of the interpolated cation also
affects the amplitude of the CMR effect.

E
0

S
X

Figure 13

Resistivity ( p ) versus temperature (T) curves for the Pro.5Sro.5-x
CaxMn0 3 series [45].
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Corresponding relative magnetisation (M) versus temperature (T)

MCuB/Mn)

M O B/Mn)

curves in a field of 1O'2 Tesla for the Pr0.5Sro 5_xCaxMn0 3 series [45],

Figure 15

Relative magnetisation ( M ) versus temperature (T) curves for the
Pr0.5Sr0.41Cao.o9Mn03series [46].
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2.2.2 Doping effects on manganese sites

Substitutions of different elements into the Mn sites have been widely investigated. It
seems clear that the electronic structure of Mn (HI) - Mn (IV) species plays a crucial
role. Consequently, the CMR properties are considerably modified by substituted
elements.

2.2.2.1 Substitution of trivalent and tetravalent elements into the Mn site
in Pri.x(Ca, Sr)xMni.yM

y0 3

oxide

A systematic study of the substitution of various M elements into the Mn site in the
CMR perovskite Pro.7Cao.2Sro.iMni-yMy0 3 0 3 has been performed for M = Al, Ga, In,
Ti, Sn [47, 48]. It shows that whatever the element, the transition temperature Tc or
(Tmax) from the FMM to the PMI state decreases dramatically as the content of the
doping element increases. This is illustrated by the R (T) curves of the series
Pro.7Cao.2Sr0.iMni_xA1X0 3 ( Figure 16 ) where it can be seen that Tmax is decreased by
about 12 K per percent of Al atoms introduced on the Mn site. The corresponding
magnetoresistance is in fact correlated to Tc. It increases significantly as * increases.
Ro/Rh

reaching 103 at 71 K for 6 % Al to Mn in a magnetic field of 7 Tesla.

A very different behavior is observed for the phase Pro.sSro.sMnCb [47], which
exhibits two different effects according to the valence of the doping element M.
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Doping with trivalent elements (M = Al, Ga, In) increases the AFMI and PMI states at
the expense of the FMM state as shown from the M (T) curve for M = Al where a
substantial increase of TN is observed ( Figure 17 a ). On the other hand doping with
tetravalent elements (M = Ti, Sn) tends to suppress the AFMI state, whereas the FMM
to PMI transition still exists ( Figure 17 b ).

Figure 16

Resistance ( R ) versus temperature (T) curves for the series
Pro.7Cao.2Sro.iMni-xAlx03 [48].
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Substitution of iron and magnesium into the Mn site in

Pri-x(Ca, Sr)xMni_yMy

0 3

oxide

The substitution of magnesium for manganese in ProjCao^Sro.iMnCb [49] also leads
to a decrease in Tc which is even larger than that observed with trivalent or tetravalent
dopants. But the most remarkable feature deals with the jump in resistance near the
transition temperature, which is the highest that has been observed to date in
Pr0.5(Ca, Sr)o.3Mni-xM x03 manganites.
Resistance peaks close to four orders of magnitude larger than in the undoped
material are obtained at temperature ranging from 70 K to 108 K for x = 0.005 ~ 0.02,
suggesting that the Mg substituted phases exhibit very promising CMR properties. A
resistance curve recorded in a magnetic field of 7 Tesla confirms this viewpoint: the
resistance ratio R(/Rrr = 4xl0 5 at 70 K is obtained for Pr0.5Ca0.2Sr0.1Mn 0.98Mg 0.02O 3
to be compared to 230 at 150 K for the unsubstituted phase of Pro,5Cao.2Sro.iMn03. In
contrast, the Pr0.5Sr0.5Mni-xMgxO 3 manganites are very similar to the phases
Pr0.5Sr0.5Mni.x M x03 with M = Al, Ga, In, differing from the homologous series
substituted with tetravalent elements (M = Ti, Sn) [47].
The substitution of manganites with iron also tends to enhance the CMR effect in the
manganites, for example in the perovskite Smo.56Sro.44Mn 03. The perovskites
Smo.56Sro.44Mni-xFe x03 do indeed exhibit an increasing resistance peak characteristic
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Figure 17

Relative magnetisation ( M ) versus temperature (T) curves recorded
at 10'2 Tesla for Pro.5Sr0.5Mni-xMx0 3 : (a) M = Al, (b) M = Ti [47],
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of a FMM to a PMI transition at very low substitution levels (0 < x < 0.03) as shown
in Figure 18 [50]. It is seen that Tmax (i. e. Tc) decreases dramatically as x increases,
from 130 K for x = 0 to 55 K for x = 0.03, the phase with x = 0.04 being
semiconducting. But the most spectacular effect concerns the large increase in the
magnetoresistance effect. For instance, Rf/Ryr reaches 8xl0 5 at 55 K for x = 0.03,
Another important characteristic deals with the evolution of the resistance versus the
applied magnetic field. One observes a very abrupt decrease in the resistance for the
phase Smo.56Sro.44Mno.97Feo.03O 3 in the range 0 ~ 0.02 T. Such a decrease in R has
never been observed below 1 Tesla in other manganites to date.

2.2.2.3 Substitution of Cr, Co and Ni into the Mn site in Pri_x(Ca, Sr)xMni_
yMyC

>3

oxide

In contrast to many other manganites with the perovskite structure, the manganite Pri_
xCaxMn 03 remains insulating regardless of x [51-57]. Such a behavior has been
explained by the fact that the sizes of the interpolated cations Ca2+ and Pr3+ are
similar and rather small, favouring a charge ordering AFMI state.
For small x values, an I - M transition can be induced by applying a magnetic field,
as shown for instance for Pro.7Cao.3Mn 0 3 [54-57], so that the compound exhibits
CMR properties, in spite of its generally insulating properties. Nevertheless, for the
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particular value x ~ lA, the charge ordering between the Mn (III) and Mn (IV) species
strongly suppresses the I - M transition so that Pro.sCao.sMnCb does not exhibit CMR
properties, i.e. remains an insulator whatever the value of the applied magnetic field
up to 7 Tesla.

Figure 18

Resistance ( R ) versus temperature (T) curves of
Sm0.56Sro.44Mni_xFex0 3 samples [50].

the
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The substitution of ProsCaosMnCb with Cr, Co and Ni leads to a rapid disappearance
of the charge-ordering phenomenon [58, 59]. The fact that charge ordering vanishes
by doping with a foreign element is not particular to Cr, Co or Ni. It is also observed
for the manganites Pro.5Cao.5Mni.x Mx0 3 with M = Fe, Al, Ga, Ti [60]. The most
important fact is that this Cr, Co or Ni substitution induces a resistance peak
characteristic of an I - M transition as T decreases ( Figure 19 ). This behavior is
very different from that observed for other manganites Pro.sCao.sMni.x Mx0 3 that
remains insulating regardless of whether M = Fe, Al, Ga, or Ti and regardless of x.
Such an I - M transition is remarkable since it has never been observed to date in
manganites with a small average size of the A - site cation. Another remarkable
feature concerns the transition temperature TmaXof the Cr - substituted phases which
increases significantly as the chromium content increases up to Tmax = 150 K for
x = 0.04 and then decreases for x > 0.04.
A similar evolution is observed for Co and Ni substituted manganites. The M (T)
curves corroborate the R (T) curves. One observes the appearance of a ferromagnetic
contribution at low temperature for samples substituted with Cr, Co or Ni, in contrast
to the unsubstituted phase, which is antiferromagnetic at those temperatures.
Very similar behaviors are observed for Co and Ni, except that the maximum value of
the magnetic moment is significantly smaller than for Cr. This transition from an
insulator to a ferromagnetic metal suggests that the so-called substituted samples
exhibit colossal magnetoresistance properties. It is worthy to note that among these
three dopants, cobalt exhibits the highest resistance rations with RR ~ 3xl0 6 at 60 K
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and 7 Tesla for Pro.5Cao.5Mno.99Coo.01O3. The possibility of applying such an effect to
other perovskites with a smaller lanthanide cation has been demonstrated for the
series Lno.5Cao.5Mni_xNix0 3 [59].

Figure 19

Resistance ( R ) versus temperature (T) curves for
xCrx0 3 oxide [58].

Pro.5Cao.5Mn1.
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Nevertheless, it is observed that the ability to suppress the charge-ordering state
decreases from Ln3+ to Pr3+ and then to Sm3+. In a same way, the difficulty in
inducing an I - M transition increases from Pr3+ to Sm3+.

2 .2 .2 A

Substitution of Ru into the Mn site in La . Sr . MnO oxide
07

03

3

Lao.7Sro.3Mni.xRux03, 0 < x < 0.2 samples were prepared both in bulk and thin film
forms using pulsed laser deposition [61]. Magnetization measurements of bulk
samples indicate a marginal decrease in Tc from 366 to 335 K for up to 15 % Ru
substitution on the Mn site. X-ray diffraction of the <100> oriented epitaxial films
indicates a monotonic increase in the lattice parameters with Ru substitution. The
magnetoresistive behavior of the Ru substituted films is comparable with that of the
parent LaojSrojMnOs films. Unlike other elemental substitutions in Mn sites, the
ability of Ru to stabilize magnetic ordering at elevated temperatures is exceptional.

2.2.2.5 Substitution of Zn into the Mn site in Lao. Cao. Mn
67

33

0 3

oxide

Structural, magnetic, and thermal measurements were carried out on the system
Lao.67Cao.33Mni-xZnx03 with x = 0.0 - 0.5 [62]. The structural characterisation of the
samples was done by Rietveld analysis from neutron diffraction patterns. Zinc
substituted isostructurally at the Mn site until x = 0.30. The oxygen content remained
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nearly invariant with x. Magnetic and thermal measurements as well as the electrical
resistance show a para-to-ferromagnetic transition Tp, which decreases with an
increase of x. For low zinc concentration ( x < 0.075) the decrease dTj/dx is
smaller than for larger concentration of zinc. The relative decrease in dTp/dx at
higher concentrations (x > 0.10) is similar to that observed earlier for the
Lao.67Cao.33Mni.xFexC>3 system. For the transition at Tp, the related changes of
magnetic entropy are calculated from the heat capacity data and indicate that for x = 0
the expected value of 12.8 J/mol K is obtained.
Zhu at al. [63] measured both the longitudinal and transverse ultrasonic sound
velocities and attenuation in the single-phase polycrystalline compound
Lao.67Cao.33Mni_xZnxC>3with x = 0.0 - 0.15 by a conventional pulsed echo technique at
a frequency of 10 MHz, between 20 and 300 K. A dramatic increase in sound
velocity, accompanied by a sharp peak in attenuation, is observed near the
ferromagnetic transition temperature Tc, for both longitudinal and transverse modes in
all samples. The feature implies extremely strong spin - phonon coupling in this
system and gives direct evidence for the spontaneous linear magnetostriction effect.
At temperatures below 60 K, a dramatic reduction in sound velocity accompanied
by a sharp increase in ultrasonic attenuation for both longitudinal and transverse
modes is observed. The analysis of the results suggests that the reduction of the sound
velocity for both longitudinal and transverse modes may correspond to the formation
of a spin-glass state.
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2.2.2.6 Substitution of Cr into the Mn site in Ndo.sSr . Mn
05

0 3

oxide

The effects of cation substitution in the Mn site of charge-ordered Ndo.sSro 5M n03
have been investigated [64] to elucidate how the properties of this material change
with Cr substitution levels up to 25 %. All samples were determined to be a single
phase and crystallized in an orthorhombic structure. Magnetic measurements showed
that Cr substitution decreases the charge-ordering temperature Tco as x values are
increased from 0 to 0.05. The charge ordering is completely destroyed for all higher
Cr substitution levels (x > 0.05), and the material changes from an antiferromagnetic
insulator to the ferromagnetic metallic state for 0.05 < x < 0.2. The resistivity
decreases as the result of a metal-insulator transition for x < 0.2, but the resistivity
increases, and the material becomes an insulator for x > 0.2. At the same time, the
magnetization increases with increasing Cr content, reaches a maximum for x = 0.15,
and then decreases for x > 0.15. It is proposed that Cr content destroys the charge
ordering and facilitates double exchange between Mn3+ - O - Mn4+ and Mn4+ - O Cr3+ or Cr3+ - O - Cr3+ is responsible for the insulator state at high Cr substitution
levels.

2.3 Other colossal magnetoresistance materials without Mn3* / Mn4+ double
exchange
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2.3.1 TI M O manganite oxide
2

112

7

Recently comparable CMR behaviour has been found for Tl2Mn20 7 [65], which has
the pyrochlore structure [66-68]. Structural analysis from powder, neutron and single
crystal x-ray data for a sample of Tl2Mn20 7 pyrochlore, which exhibits CMR, shows
no deviation from ideal stoichiometry. This analysis gives a Mn - O distance of
1.90 À, which is significantly shorter than the Mn - O distances (1.94 to 2.00 Á)
observed in phases based on LaMn03 perovskites that exhibit CMR. Structural
analysis results indicate that the oxidation state of Tl2Mn20 7 is very close to
Tl23"fM n24+0 7. Thus Tl2Mn20 7 has neither mixed valence for a double-exchange
magnetic interaction nor a Jahn-Teller cation such as Mn3+, both of which were
thought to have an important function in CMR materials. An alternate mechanism for
CMR in Tl2Mn20 7 based on magnetic ordering driven by superexchange and strong
spin-fluctuation scattering above the Curie temperature is proposed [69].

2.3.2 Cr based chalcogenide spinels
Ramirez at el. [70] report the existence of a large magnetoresistive effect in a class of
materials - Cr based chalcogenide spinels - that do not possess heterovalency,
distortion - inducing ions, manganese, oxygen or a perovskite structure. The
realisation of CMR in compounds having a spinel structure should open up a vast
range of materials for further exploration and exploitation of this effect.
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INTRODUCTION

LaMnC>3is a manganese oxide with a perovskite crystal structure that forms the basis
of a family of materials that is of great interest to materials engineers and physicists
because of its magnetoresistive properties [71 - 73]. LaMnCh is an insulator, but
doping this perovskite with a divalent ion D, where D is an alkali element such as Ca
or Sr, leads to the Lai_xDxMn03 system [3, 74] which can show a very large negative
magnetoresistance. This system has been under investigation for the last few decades.
The electrical resistance of these manganese oxides can change dramatically in
response to an applied magnetic field [75, 76]. This property can be used for practical
technological applications [77], provided that it is possible to overcome the problems
of achieving a very large magnetoresistance response at room temperature, as well as
in small magnetic fields. One of the methods used for improving and optimising these
two parameters is chemical substitution [73].
Hole-doped manganese oxides with the perovskite structure such as Lai.xSrxMn03 are
known to be conducting ferromagnets [21,74]. The colossal magnetoresistance effect

PART TWO

INTRODUCTION

52

(CMR) observed in Lai.xSrxMn03 [18, 37] can be interpreted by the so-called Zener
double-exchange mechanism [24] between Mn3+ and Mn4+ ions. It involves a transfer
of an electron from the Mn3+ site to the intervening oxygen ion together with another
simultaneous electron transfer from the oxygen ion to the Mn4+ site. Study of the
electronic structure of Lai.xSrxMn03 [78, 79] has shown that Zener’s double
exchange interaction plays a predominant role in conductivity. Millis et al. [29] have
suggested that double exchange alone can not explain the resistivity of the
Lai-xSrxMn03 system and proposed that polaron effects arising from the Jahn - Teller
splitting of the Mn3+ ion play a crucial role. Most investigations have been centered
on the doping of the La sites, not the Mn site that is the heart of the double exchange.
The Lai-xSrxMn03 system was chosen for my study because:
►

It has a very high ferromagnetic transition temperature. Jonker and van

Santen have found maximum Curie temperatures at x = 0.3 for Sr- and Ca-substituted
manganites to be 375 K, and 270 K, respectively [26]. Since the stability of the M2+ O covalent bond increases from Ca2+ to Sr2*, the increase of 100 K in the Curie
temperature can be understood as due to the different amounts of covalence associated
with the large cation bonds. Apparently the reduction in the Mn - O bond strength
with increasing lattice parameter compensates for the increased covalent-bond
strength of the large cation in going from (La,Sr)Mn03 to (La,Ca)MnC>3.
►

The lattice of Lai_xSrxMn03 undergoes a structural phase transition

between the orthorhombic form (low-temperature phase) and the rhombohedral form
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(high temperature phase), with a change in the composition x and/or the temperature
[80].
► The Lai.xSrxMn03 system exhibits a temperature induced paramagnetic to
ferromagnetic transition with unusual transport properties. For example, the resistivity
(p) shows an insulating behaviour (d p / dT< 0) for x > 0.2 in the paramagnetic state,
but becomes metallic with a rapid decrease of resistivity in the ferromagnetic regime
[3, 18, 81, 82]. Magnetisation in the ferromagnetic state is found to increase with
decreasing T below r c, [18, 80, 81] indicating an increasing extent of ferromagnetic
order with a concomitant decrease in resistivity. Mn ions are in the high spin state and
are fully polarised at the lowest temperatures.
The study of the Lao.8Sro.2Mni.x Znx03 system reported in this work is guided by the
following questions:
► How does the grain size change with the doping level, as it is well known
that the grain boundaries play an important role in the transport properties?
►

How does the system respond when a non-magnetic ion like zinc is

introduced into it? Most of the studied ions substituted into the Mn site up to now are
the magnetic, e.g. Cr, Ni, Co, etc.
►

How does the Zn2+ ion change the ratio of Mn3+/Mn4+ in the

Lao.8Sro.2Mni-x ZnxC>3system?
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2+

Zn effects have been studied in Lao.67Cao.33Mni-x Znx03, and it was found that the
zinc doping influences the transport and magnetic properties dramatically. The
oxygen content remains nearly invariant with x. Magnetic and thermal measurements
as well as the electrical resistance show a para - to - ferromagnetic transition, which
decreases with increasing zinc content [62]. Both the longitudinal and transverse
ultrasonic sound velocities and attenuation in the single - phase polycrystalline
compound Lao.67Cao.33Mni-x Znx03 have been carefully measured by a conventional
pulsed echo technique at a frequency of 10 MHz, between 20 K and 300 K [63]. A
drastic increase in sound velocity, accompanied by a sharp peak in attenuation, is
observed near the ferromagnetic transition temperature for both longitudinal and
transverse modes in all samples. This feature implies an extremely strong spin-phonon
effect. At temperatures below 60 K, a dramatic reduction in sound velocity
accompanied by a sharp increase in ultrasonic attenuation for both longitudinal and
transverse modes is observed. The analysis of the results suggests that the reduction in
the sound velocity for both longitudinal and transverse modes may correspond to the
formation of a spin-glass state [62].

Doping the Lao.8Sro.2Mni_xZnx03 system with zinc structurally tunes and changes its
properties, as we have shown. Although there are still many unanswered questions
connected with the theory of colossal magnetoresistance, the possible mechanism
behind the effects of zinc doping into Lao 8Sro.2Mni.xZnx0 3 system involves
degradation of the double exchange between Mn3+ - O - Mn4+ in the compound as
Mn ions are replaced by nonmagnetic ions that cannot participate in the exchange [26,
63,64] and thus act as a barrier to electron transport.
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EXPERIMENTAL METHODS

3.1 Introduction

Some of routine techniques that are used for preparation and investigation of the
properties of colossal magnetoresistance materials are the following [83]:
►

Solid State Reaction for preparation of polycrystalline bulk samples

►

Sol - Gel Method for preparation of thin films

►

Crystal Growth for growing single crystal samples

► Metal - Organic Chemical Vapor Deposition for preparation of thin films
►

Scanning Electron Microscopy for investigation of surface and grain
morphologies

►

Transmission Electron Microscopy for observing defects

► X-ray and Neutron Diffraction for determining phase purity and structures
► Powder Diffraction
►

Standard Four Probe Measurements for R - T measurements
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► Magnetic Property Measurements for studying ferromagnetism,
antiferromagnetism and paramagnetism
In the present work, solid state reaction was used for preparing Lao.8Sro.2Mni.xZn x03
(x = 0 - 0.75) ceramic materials. X-ray diffractometer, scanning electron microscopy,
the four - probe technique and the physical property measurement system (PPMS)
were used for characterising the properties of Lao.8Sro.2Mni_xZnx0 3 materials.
3.2 Preparation of polycrystalline samples with solid state reaction
Solid state reaction is the most commonly used method for preparation of
magnetoresistance materials. This method involves:
► Thorough grinding of high purity powders of oxides and carbonates containing
the relevant metals,
► Pressing the mixture into pellets,
►

Sintering it at the desired temperature

with one or more very careful intermediate grinding and mixing steps.

3.2.1 Sample preparation
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Appropriately high purity (99.9%) proportions of La20 3, SrC03, Mn20 3 and ZnO
were weighed out according to the nominal compositions of Lao.8Sro.2Mni.xZnx0 3with
x = 0, 0.01, 0.03, 0.05, 0.1, 0.15, 0.3, 0.5 and 0.75. These powders were mixed
thoroughly, ground, pressed into pellets 10 mm in diameter and sintered twice at
1250° C - 1300° C for 10 hours with one very careful intermediate grinding and
mixing step. The sintering regime is shown schematically in Figure 20. All samples
were heated in air.
The intermediate grinding step is important for homogenisation of the material as well
as ensuring a complete chemical reaction between the starting compounds. Making
the material into pellets minimises the surface area and eliminates reactions with
containers.

Figure 20

Sintering regime of the solid state reaction used for the preparation of
polycrystalline samples Lao.8Sro 2Mni.xZnx0 3with x = 0, 0.01, 0.03, 0.05,
0.1,0.15, 0.3, 0.5 and 0.75.
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A high temperature muffle furnace that can reach 1700° C was used in order to
improve the reaction rate and to facilitate solid state diffusion in the solid state phase.
The configuration of the high temperature furnace is shown in Figure 21.

Thermocouple

Sample
Support
Material
High
Temperature
Furnace
Figure 21 A configuration of High Temperature Furnace with samples.

3.3 Structures determined by X-ray diffraction

X-rays are photons that originate in the electron shells of an atom, as opposed to
gamma rays, which are produced from the nucleus. X-rays are produced when
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accelerated electrons interact with a target, such as a metal absorber.
Diffraction by a crystal was first observed for x-rays. The schematic diagram of an
ideal X-ray diffraction apparatus [84] is shown in Figure 22.
Film

Figure 22

Film

Diagram of X-ray scattering apparatus. The goniometer allows the
specimen orientation to be varied [84].

The order of each diffracted beam is denoted by a set of three integers, hkl. These
integers are related in a simple way to the ordinary crystallographic indices of crystal
faces [85]. W. L. Bragg showed that the equations

a(a- ao) = hA

(23)
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(24)
( 25)

are equivalent to the conditions for reflection of the X-rays by a plane with the indices
M/, where a, f i y are the direction cosines of the diffracted and incident beams,
and A is the wavelength of the light.

3.4 Scanning Electron Microscopy

The scanning electron microscope (SEM) is one of the most versatile instruments
available for the examination and analysis of the microstructural characteristics of
solid objects [86]. It is made of two electron beam devices linked together as shown in
Figure 23.

In the electron column, an electron beam is focussed on the surface of the specimen
and scanned across a small rectangular area. The electron beam interacts with the
atoms in the sample and generates a range of signals. The electron column is linked to
a cathode ray tube (TV tube) in two important ways:
► by using the same scan generator to drive both beams,
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by using one of the signals generated at the specimen to control the brightness of

the spot on the screen.
The Magnification, M, on the viewing screen is given by the relation

M = W/w

( 26)

where W is the width of the scan on the viewing screen
w is the width of scan of the specimen.
Some of the signals generated by the interaction between the electron beam and the
sample are shown in Figure 24. If there are two phases, both the backscattered and the
secondary electron images will show a strong contrast between the two phases. This
contrast can be explained by the backscattered and secondary electron signals
generated by the interactions between the electron beam and the specimen in SEM
as well as the energy distribution of the electrons emerging from the surface of a bulk
sample.

3.5 Four probe technique for transport measurements

A copper-constantan thermocouple was placed inside the copper block with its tip just
beneath the specimen in order to monitor the temperature. A constantan is an alloy of
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copper and nickel. Resistance remains constant under changes of temperature. A
thermoflask filled with a mixture of ice and distilled water was used to provide the
reference temperature (273 K) for the thermocouple. The measurement circuit is
shown in Figure 25.

ELECTRON COLUMN

CATHODE RAY TUBE / TV TUBE

electron gun

Figure 23 Diagram of scanning electron microscope [87].
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Figure 24

backscattered electrons
secondary electrons

Signals generated by the interaction between the electron beam and the
sample [88].

Figure 25 Electrical circuit of the four - probe technique used for resistance

measurements [89].
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During the course of the measurement, the specimen was put in the measuring
chamber, and both were immersed in liquid nitrogen, held for a few minutes to cool
thoroughly, then raised above the liquid nitrogen level to increase the specimen
temperature. The rate of temperature change was 1 - 2 K/min and was controlled
during the measurement. A 100 Watt constant current / voltage source (Model 228,
Keithly Instruments Inc.) supplied a constant current of 0.05 A. A digital multimeter
(Model 196, Keithly Instrument Inc.) with a precision of 10“7 V measured the voltage
across the two inner contacts. To avoid a deviation in voltage resulting from
composition heterogeneity and thermoelectrical potential shift, a constant current was
provided in two directions. Temperature and resistance data were recorded using a
computer-based data acquisition program.
The resistivity [90] was calculated using the relation

p = Rwt/d
where p is the calculated resistivity in Ohm. cm
R is the resistance in Ohm measured by the four probe technique
w is the width of the measured sample in cm
t is the thickness of the measured sample in cm
d is the distance between the inner contacts in cm

3.6 Physical Property Measurement System (PPMS)

(2 7 )
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DC magnetic moments of the samples were measured over a wide temperature range
from 340 K to 4.2 K in the Physical Laboratory at University of Wollongong using a
Physical Properties Measurement System (FFMS), Quantum Design®, Extraction
Magnetometer with sensitivity of 2.5 x 10"5 emu.
In the measurement, a magnetised sample was moved through the detection coils ( as
discussed below ) which induces a voltage in the detection coil set

V = -4ftAsdM/dt

(2 8 )

where As is the effective cross section of the sample and M is the magnetisation.
The amplitude of this signal is proportional to the magnetic moment and speed of the
sample during the extraction.

M = m/Q = -l/4izAsfVdt

(2 9 )

where m is the magnetic moment and Q. is the volume of the sample.
PPMS magnetic measurements of zero-field cooled (ZFC) and field-cooled (FC)
magnetisation were performed in two different fields of 100 Oe and 10 000 Oe. This
highly advanced system can perform both AC susceptibility and DC magnetization
measurements. In fact, one can actually perform both measurements on a sample with
a single sequence [91]. If the measurement criteria are different from the susceptibility
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criteria, the sequence can be configured to perform each measurement individually,
with the one sequence.

Î

Sample
Figure 26 A simple schematic of the mutual inductance technique used in the

PPMS measurement [91].
In PPMS there are one primary coil and two secondary coils. The primary coil
produces an excitation field, He, of a maximum amplitude of 15 Oe and a frequency
of 10 KHz. The sample is in one of the secondary pick up coils, where the magnetic
moment of the sample varies in the varying field produced by the primary coil. A
simple schematic of the system is given in Figure 26. A Lock-In-Amplifier detects the
change in the in-phase component of the voltage across the coil when there is a large
change in the field profile.
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RESULTS

4.1 Effects of zinc doping on the crystal structure

Investigation of the crystal structure of the Lao.8Sr0.2Mni.xZnxC>3 system with x = 0,
0.01, 0.03, 0.05, 0.1, 0.15, 0.3, 0.5 and 0.75 was done with a Philips PW 1730 phase
XRD in the XRD laboratory of the University of Wollongong.
Using the PDF database, ( card number 40-1100 ), the hkl indices were obtained for
the standard material and the lattice parameters (a, b, c) were calculated for the
different doping levels, using equation 30

l/d 2 = tf/a 2 + l?/b2 + t/<?
where:

(30)
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h, k, 1 are a family of parallel planes, obtained from PDF card 40 -1100 for the
standard Lao.8Sro.2Mni_xZnx0 3material (x = 0);
a, b, c are the lattice parameters, in A, calculated for each doping level;
d is the distance between the parallel planes, in A, obtained from the x-ray diffraction

patterns of each Zn doped material.
X-ray diffraction patterns of the Lao.8Sro.2Mni_xZnx0 3 system with x = 0, 0.01, 0.03,
0.05, 0.1, 0.15, and 0.3 show a clean single orthorhombic phase. However, the x-ray
diffraction patterns of the Lao.8Sr0.2Mni_xZnx0 3 system with x = 0.5 and 0.75 show an
impurity phase of ZnC>2.
X-ray diffraction patterns of the Lao.8Sro.2Mni.xZnx0 3 system are shown in
Figures 27 - 30.
Table 1 shows the lattice parameters (a, b, c) calculated using equation 30.
Figure 30 shows the crystal lattice parameters (a, b, c) variations of standard and
doped Lao.8Sro.2Mni-xZnx0 3 with x = 0, 0.01, 0.03, 0.05, 0.1, 0.15,0.3, 0.5, and 0.75.
As can be seen from Figure 30 and Table L the lattice parameters (a, b, c) of the
Lao.8Sro.2Mni-xZnx0 3 system with x = 0, 0.01, 0.03, 0.05, 0.1, 0.15, 0.3, 0.5 and 0.75,
increase on introducing and increasing the zinc doping content, as is theoretically
expected due to the larger Zn 2+ ionic radius (0.880 A, as opposed to 0.720 A for
Mn3+ and 0.670 A for Mn2+).
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Doping

a (A)

b (A )

c (A )

x=0

5.4770

5.5198

7.6565

x = 0.01

5.4738

5.5198

7.6541

x = 0.03

5.5264

5.553

7.588

x = 0.05

5.4836

5.5296

7.6487

x = 0.1

5.4802

5.5295

7.6478

x = 0.15

5.4868

5.5364

7.6511

x = 0.3

5.4738

5.523

7.6328

X

©
I

5.5064

5.719

7.5879

x —0.75

5.5164

5.7368

7.7916

Table 1 Lattice parameters (a, b, c) calculated using the equation 30 for standard
undoped and zinc doped Lao.8Sro.2Mni.xZn x03 with x = 0,0.01, 0.03, 0.05,
0.1,0.15, 0.3, 0.5 and 0.75.
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Figure 27 X-ray diffraction patterns for standard and zinc doped (x = 0.01 and

0.03) Lao.8Sr0.2Mni_xZnxC)3 materials.

80

RESULTS

Intensity [a.u.]

Intensity [a u-]

Intensity [a.u.]

CHAPTER FOUR

Figure 28 X-ray diffraction patterns for Lao.sSro 2Mni.xZnx0 3 oxide doped with

zinc (x = 0.05, 0.1 and 0.15).
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a, b, c [A]
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Figure 30 Plotted crystal lattice parameters (a, b, c) variations for standard and

zinc doped Lao.8Sro.2Mni_xZnx0 3 with x = 0, 0.01, 0.03, 0.05, 0.1, 0.15,
0.3, 0.5, and 0.75.

4.2 Effects of zinc doping on morphologies and grain size

The study of the morphologies of Lao.8Sro.2Mni_xZnx0 3 system with x = 0, 0.01, 0.03,
0.05, 0.1 was carried out using a Leica 440 Stereo Scan in the Microscopy Unit of the
University of Wollongong at two different magnifications: 1 500 and 5 000.
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Scanning Electron Microscopy morphologies of Lao.8Sr0.2Mni.xZnx0 3 samples with
x - 0, 0.01, 0.05, 0.1 and 0.15 are shown in Figures 3 1 -4 0 . The bar scale represents
2 ¡¿m in the images with magnification 5.0 K and represents 10 jum in the images with
1.5 K magnification.
It is seen from these SEM images that the material has a single phase and is porous
with a small grain size of about 1-3 j L i m for Lao.8Sro.2Mno.85 Zno.isCb with x < 0.5,
which implies a large number of weak-link grain boundaries [92]. With increasing
zinc concentration above x = 0.5 an impurity phase appears in agreement with what is
seen from the x - ray diffraction results.

X =0

Figure 31 Scanning electron microscope image of Lao.8Sr02Mn03 with

magnification 1.5 K.
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X = 0.01

Figure 32

Scanning electron microscope image of Lao.8Sro.2Mno.99 Zn0.oi0 3 with
magnification 1.5 K.

X = 0.05

Figure 33 Scanning electron microscope image of Lao.8Sro.2Mno.95 Z110.05O3 with

magnification 1.5 K.
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X = 0.1
Figure 34

Scanning electron microscope image of Lao.8Sro.2Mno.9 Zno.i03 with
magnification 1.5 K.

X = 0.15

Figure 35

Scanning electron microscope image o f Lao.8Sro.2Mno.85 Z110.15O3 with
magnification

1.5 K.
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x =o
Figure 36

Scanning electron microscope image of Lao.sSr02Mn03 with
magnification 5.0 K.

X = 0.01

Figure 37 Scanning electron microscope image of Lao.gSro.2Mno.99Zno.01O3 with

magnification 5.0 K.
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X = 0.05

Figure 38

Scanning electron microscope image of Lao.sSro.2Mno.95 Z110.05O3 with
magnification 5.0 K.

X = 0.1

Figure 39 Scanning electron microscope image of Lao.8Sro.2Mno.9Zno.1O3 with

magnification 5.0 K.
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X = 0.15

Figure 40

Scanning electron microscope image of Lao.8Sro.2Mno.85 Z110.15O3 with
magnification 5.0 K.

From the SEM images the average grain size for each material can be estimated and is
listed in Table 2.
It is clear from Table 2 that the grain size of this zinc doped manganese oxide system
decreases with increasing zinc concentration. For the parent manganese oxide with x
= 0 the average grain size is 3.5 jum. Introducing and increasing the zinc concentration
up to x = 0.15 decreases the grain size to an average of 2 jam. The decrease of grain
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size with increasing zinc doping is probably caused by the formation of secondary
phases.

Zn doping (x)

Average grain size (jum)

x=0

3.5 jum

x = 0.01

3.0/rni

x = 0.05

2.5 jxm

x = 0.1

2.0 fim

x = 0.15

1.5 jum

Table 2 Estimated average grain sizes of Lao.8Sr0.2Mni-xZn x03 oxide (x = 0 0.15) from SEM images.
The relationship between the grain size and the zinc doping level of Lao.8Sro.2Mn 1.
xZnxC>3 with x = 0,0.01, 0.05,0.1 and 0.15 is shown in Figure 41.
To sum up, these structural studies of the Lao.8Sro.2Mni.xZn x03 system show that the
grain size of this manganese oxide system decreases with increasing zinc doping
(x < 0.5). This decrease in the grain size with increasing the zinc doping is probably
caused by the formation of secondary phases, and is in agreement with the x - ray
results.
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Grain size of Lao.8Sr0.2Mni_xZnx0 3 system with x = 0, 0.01, 0.05, 0.1
and 0.15 as a function of the zinc doping levels, x.

4.3 Effects of zinc doping on transport properties

The samples were cut into a rectangular shape as shown in Figure 25. Four contacts
were attached to the surface of the specimen with silver paste. Two of them were
close to the two ends in order to leave one centimeter between the two inner contacts.
After preparing the contacts, the specimen was put in a furnace for an hour at 300° C.
The resistivity, in Ohm.cm, was calculated using equation 27.
The parameters for the materials are given in Table 3.
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Zn doping level

w (cm)

t (cm)

d (cm)

x = 0.00

0.215

0.068

0.158

X
it

o
©
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0.302

0.046

0.118

x = 0.05

0.302

0.062

0.104

x = 0.10

0.256

0.072

0.060

X = 0.15

0.304

0.064

0.138

Table 3 Parameters ( w , t , d ) used for calculation of the resistivity, p, in Ohm. cm
forLao.8Sr0.2Mni-xZn x03 oxide (x = 0-0.15).
The temperature dependence of the resistance for the five samples is shown in
Figures 42 - 43. The higher doped materials with x > 0.3 are insulators and do not
show any transition temperature.
After calculating the resistivity of the above samples, the resistivity - temperature
plots are shown in Figure 44.
It can be seen from Figure 44 that the resistivity of the parent manganese oxide
gradually increases on increasing the temperature from 30 K to 380 K. 1 - 5% zinc
doped samples show the same temperature dependence in their resistivity compared
with the parent oxide. However, the 10% zinc doped sample shows a resistivity
behaviour which is different from that of the parent material. The resistivity increases
to a maximum at 120 K, then sharply decreases with increasing temperature.
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Resistance [Ohm]

Resistance [Ohm]
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Figure 42 Resistance versus temperature for standard undoped and zinc doped

Lao.8Sr0.2Mni_xZn x03 materials (x = 0 and 0.01).
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Temperature [K]

Figure 43

Resistance versus temperature for zinc doped Lao.8Sro.2Mni.xZn x03
materials (x = 0.05, 0.1 and 0.15).

84

CHAPTER FOUR

RESULTS

85

Figure 44 Resistivity versus temperature for standard and zinc doped Lao.gSro.2Mn 1.

xZn x03 materials (x = 0, 0.01, 0.05, 0.1 and 0.15) at zero field.
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Moreover, the resistivity of the doped material (x = 0.1) is several orders of
magnitude greater than the resistivity of the parent composition (x = 0). The
maximum resistivities are found at 349 K, 327 K, 323 K and 123 K for Lao.8Sro.2Mn 1.
xZnx03 (x = 0, 0.01, 0.05 and 0.1) and are listed in Table 4.
Ti.m decreases with a higher zinc doping concentration in these materials, while the
resistivity of this system increases with increasing zinc content. For x > 0.15, the
resistivity p, increases significantly, and the sample becomes insulating when the
temperature decreases down to 30 K.
The insulator-metal transition temperature, Tj_m, is defined as the temperature where
the resistivity is at a maximum or when

d/rfdT is at maximum.

Ti_m as a function of zinc doping level in the Lao.8Sro.2Mni.xZn x03 system is shown
in Figure 45.
It can be concluded from Figure 45 and Table 4 that the Curie temperature and I - M
transition temperature for x < 0.1 rapidly decrease with a higher zinc concentration.
Comparing the Curie temperature of the parent material with the ferromagnetic
temperature of the materials with small zinc concentrations between 1 - 5 %, it can
be seen that the ferromagnetic temperature decreases slightly in value from 349 K for
x = 0 to 323 K for x = 0.05. For the material doped with 10 % zinc, the insulator metal transition, T,.m, decreases dramatically to a value of 123 K.
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Zn doping (x)

Ti-m [K]

x=0

349.31 K

x = 0.01

326.58 K

x = 0.05

322.58 K

x = 0.1

122.95 K

pu>l

x = 0.15
©
I
X
x = 0.75

-

-

-

-

Table 4 Values of the Curie temperature, Tj.m, defined from the transport
measurements as a function of the different zinc doping levels, x, for
Lao.8Sro.2Mni-xZnx0 3 oxide.

Figure 45

Curie temperature, Ti.m defined from the transport measurements as a
function of the zinc doping levels, x, for the Lao 8Sro.2Mni-xZnx0 3
oxide (x = 0 - 0.1).
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To investigate how the resistivity, /?, measured in Ohm. cm, changes with zinc doping
in the Lao.8Sro.2Mni_xZn x03 system, the resistivity at two different temperatures of
50 K and 320 K are analysed, and plotted the results in Figure 46. The values of
resistivity at 50 K and 320 K are given in Table 5.
p [Ohm.cm] at 320 K

x=0

0.003 Ohm.cm

0.003 Ohm.cm

o

0.049 Ohm.cm

0.012 Ohm.cm

x = 0.05

0.321 Ohm.cm

0.069 Ohm.cm

x = 0.10

0.413 Ohm.cm

3.367 Ohm.cm

x = 0.15

1 Ohm.cm

105Ohm.cm

O

p [Ohm.cm] at 50 K

II
X

Zn doping level (x)

Table 5 Resistivities at two different temperatures of 50 K and 320 K for different
zinc doping levels in the Lao.8Sro.2Mni_xZnx03 system.
From Figure 46. it can be seen that the resistivity of the Lao.8Sro.2Mni.xZnx03 system
at the temperatures of 50 K and 320 K increases with increasing zinc doping.
However, the resistivity shows a huge increase for the 10 % zinc doping level at a
temperature of 320 K - from 0.003 Ohm.cm for the parent manganese oxide
to 3.367 Ohm.cm for the doped manganese oxide with x = 0.1. At the lower
temperature of 50 K, the resistivity increases slightly from 0.003 Ohm.cm
for x = 0 to 0.413 Ohm.cm for 10% zinc doping.
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Figure 46 Resistivity as a function of the zinc doping levels at 50 K and 320 K for

the Lao.8Sr0.2Mni_xZnx0 3 system.
The transport measurements indicate that the resistivity as well as the insulator to
metal transition temperature, Tj.m, is strongly composition dependent. Ti_m decreases
with increasing zinc substitution in the Mn site, while the resistivity of the
Lao.8Sro.2Mni.xZnx0 3 system increases with increased zinc doping.

4.4 Effects of zinc doping on magnetic properties

Magnetic measurements of zero-field cooled (ZFC) and field-cooled (FC)
magnetisation were performed in dc fields of 0.01 T and 1 T for the temperature
region between 4.2 K and 340 K for the Lao.8Sr0.2Mni-xZnx0 3 system with x = 0,
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0.01, 0.05, 0.1, 0.15, 0.3, 0.5 and 0.75. The measurements were carried out by a
Physical Properties Measurement System ( PPMS ) as mentioned in Part two Experimental Methods. Separate plots for ZFC and FC magnetisation in the two dc
fields of 0.01 T and 1 T are shown in Figures 47 - 50.
Detailed data from the magnetic measurements are given in Figure 51 for a 0.01 T
magnetic field and Figure 52 for a magnetic field of 1 T.
The Curie temperature,
maximum.

Tf

T f,

is defined as the temperature where

dM/dT

is at a

as a function of zinc doping levels in the Lao.8Sr0.2Mni_xZn x03 system

is shown in Figure 53. The values of the Curie temperature, Tf for the different zinc
doping levels are given in Table 6.
The magnetisation curves show that the paramagnetic to ferromagnetic transition
depends on the zinc doping introduced into the system. For the parent oxide ( x = 0 )
the magnetisation is constant over the temperature range from 320 K to 4.2 K.
Introducing 1 - 5% zinc into the system drastically increases the magnetisation values
of the system. The highest values of the magnetisation appeared for an 1 % zinc
doping. Increasing the doping level to 10 - 15 % zinc lowers the magnetisation values
below the magnetisation values of 1 - 5 % zinc doped materials, but the
magnetisation values are still greater than the magnetisation of the parent oxide.
Increasing the zinc doping above 50 % eliminates the ferromagnetic transition, and
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the magnetisation is constant and very small, which means that the material only has
paramagnetic behavior over the studied temperature range.

Figure 47 Zero field cooled magnetisation data for standard and zinc doped

Lao.8Sro.2Mni-xZnxC>3 system with x = 0, 0.01, 0.03, 0.05, 0.1, 0.15, 0.3,
0.5 and 0.75 recorded in a magnetic field of 0.01 T.
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Figure 48

Field cooled magnetisation data for standard and zinc doped
Lao.8Sro.2Mni.xZnxC>3 system withx = 0, 0.01, 0.03, 0.05,0.1, 0.15, 0.3,
0.5 and 0.75 recorded in a magnetic field of 0.01 T.
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Figure 51 Magnetisation data for standard and zinc doped Lao 8Sr0.2Mni.xZnxO3

system with x = 0, 0.01, 0.03, 0.05, 0.1, 0.15, 0.3, 0.5 and 0.75 recorded
in a magnetic field of 0.01 T.
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The behaviour of the doped materials with 15 and 30 % zinc is very peculiar with a
shift of the magnetisation in the range of 20 K - 40 K for the both materials. A
ferromagnetic transition occurs at 210 K for x = 0.15 and 160 K for x = 0.3 doped
materials. The field-cooled magnetisation (FC) for these two doping concentrations is
constant below their ferromagnetic transition temperatures.
However, a big irreversibility in the zero field cooled (ZFC) and field cooled
magnetisation occurs below 210 K for x = 0.15, and below 160 K for x = 0.3
materials. It can be seen that there are clear cusps, one at 30 K for 15 % doped
material, and another at 20 K for 30 % zinc doping in the ZFC magnetisation. These
two cusps are indicative of an antiferromagnetic transition.
It can be seen from the magnetisation data in Figure 52 for standard and doped
Lao.8Sro.2Mni-xZnxC>3 system with x = 0, 0.01, 0.05, 0.1, 0.15, 0.3, 0.5 and 0.75
recorded in a magnetic field of 1 T that the antiferromagnetic state for 15 % and 30 %
zinc doping is totally suppressed at the higher field of 1 T.
Analysing the magnetisation values of the above materials, it can be seen that they
are higher than the magnetisation values of the same materials at the lower field of
0.01 T, and this is a consequence of the higher applied field. The same transition
behaviour from FM to PM with increasing zinc doping, x, in the system is observed at
the higher applied field of 1 T, just as it is at the lower field of 0.01 T.
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Figure 49 Zero field cooled magnetisation data for standard and zinc doped

Lao.8Sr0.2Mni-xZnx03 system with x = 0, 0.01, 0.05, 0.1, 0.15, 0.3, 0.5
and 0.75 recorded in a magnetic field of 1 T.
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Figure 50 Field cooled magnetisation data for standard and zinc doped

Lao.8Sro.2Mni-xZnx03 system with x = 0, 0.01, 0.05, 0.1, 0.15, 0.3, 0.5
and 0.75 recorded in a magnetic field of 1 T.

CHAPTER FOUR

97

Magnetisation [emu/gram]

RESULTS

-50

0

50

100

150

200

250

300

350

400

Temperature [K]

Figure 52

Magnetisation data for standard and zinc doped Lao gSro 2Mni_xZnx0 3
system with x = 0,0.01, 0.05, 0.1,0.15, 0.3, 0.5 and 0.75 recorded in a
magnetic field of 1 T.
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Zn doping (x) Tf [K]
o
©

335 K

X
II

x=0

325 K

x = 0.05

325 K

x = 0.1

200 K

x = 0.15

75 K

Table 6 Curie temperature, 7), defined from HdC= 0.01 T magnetic field
measurements as a function of the different zinc doping levels, x, for the
Lao.8Sr0.2Mni.xZnx0 3 system.

Figure 53 Curie temperature, Tf , from the HdC= 0.01 T magnetic measurements as

a function of the zinc doping levels, x, for the Lao.sSro 2Mni-xZnx0 3
system.
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However, the magnetisation gradually decreases on introducing and increasing zinc
doping in the system. At a field of 1 T the parent oxide has the greatest value of
magnetisation and the magnetisation values decrease with increasing zinc doping right
to 75 %.
Finally, it can be concluded that the zinc doping suppresses the magnetization of the
Lao.8Sro.2Mni_xZn x03 system at a higher field of 1 T. The higher applied field of 1 T
also totally suppresses the antiferromagnetic state for the 15 % and 30 % zinc doped
system.
Figure 53 and Table 6 show the values of the paramagnetic to ferromagnetic
transition temperature and the plotted graph of 7} as a function of the doping levels,
jc, at a field of

0.01 T. We have chosen the smaller applied field of 0.01 T for defining

the paramagnetic to ferromagnetic transition temperature, 7), because the low field
response is of greater interest for practical applications. As mentioned in Part One of
the thesis, the factors for successful practical applications of the colossal
magnetoresistance materials are achieving a strong response at room temperature and
in low magnetic fields.
Obviously the paramagnetic to ferromagnetic transition temperature defined from the
magnetic measurements, Tf , decreases with increasing of zinc doping. The
insulator-to-metal transition temperature defined from the electrical resistivity
measurements, Ti.m , corroborates this fact as well. As expected, the paramagnetic to
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ferromagnetic transition is not sharp and takes place over a broad temperature range
depending on the doping concentration, x
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PART TWO
e x p e r im e n t s , r e su l t s a n d d isc u ssio n

CHAPTER FIVE
DISCUSSION
From the experimental results shown in Chapter Four, it is seen that the insulator to
metal transition temperature defined from the transport measurements, T^, is
different from the ferromagnetic to paramagnetic transition temperature defined from
the magnetic measurements, Tf. The

is smaller than 7/ when x > 0.05. The

following is a possible explanation:
►

Theoretically both temperatures should be the same, but in practice the

insulator to metal transition temperature, 7 ^ , is lower than the ferromagnetic to
paramagnetic transition temperature defined from the magnetic measurements, Tf. It
is believed that the grain boundary effects are the reason for the difference between
the two temperatures. These effects may be due to either (1) the number of grain
boundaries (i.e. the size of the grains) or (2) the relative orientation of the grains [93,
94].
►

It has been found that grain boundaries play an important role in wide

temperature range magnetoresistance in bulk materials as well as in polycrystalhne
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films [93, 95 -97]. Recently it has been proposed that grain boundaries are necessary
but not sufficient to explain the magnetoresistance at low fields over a large
temperature range and that it is weak-link boundaries rather than strong - link
boundaries that are responsible for it [98].
►

It is well known that spin-polarised effects play an important role in the

conduction process in these materials due to the high degree of spin polarisation of the
electrons [99, 100]. The almost completely polarised conduction electrons are easily
transferred between pairs of Mn3+ and Mn4+ inside a magnetic domain. But when
these electrons travel across grain boundaries, strong spin-dependent conduction at
the boundaries will lead to a high zero field resistivity.
►

As is seen from the SEM images of the Lao.8Sro.2Mni-xZnx03 system, the

samples are very porous and are thus certain to contain large numbers of weak links.
This indicates that the connections between the grains are weak as well. Furthermore,
the domain walls at the weak-link grain boundaries reduce the interaction between
domains in each of the adjoining grains. That is the reason why the alignment of
spins in each domain is not easy at a high temperature [98]. Another consideration is
that the resistivity of the porous samples increases because of the extra resistance
arising from electron scattering at the weak-link grain boundaries [92,98].
According to the double exchange mechanism [24], the intrinsic resistance is closely
related to the magnetisation of CMR materials. Therefore the insulator to metal
transition temperature,

defined from the transport measurements and
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ferromagnetic to paramagnetic transition temperature, 7/, defined from the magnetic
measurements, move together to a higher temperature as the field increases. However,
the resistance that comes from the grain boundaiy scattering is much higher than the
intra grain resistivity even when spin-enhanced scattering reduces the boundaiy
resistance [92, 99,101]. In transport measurements, the grain boundary effect is
predominant due to the granularity of this material. The reduction in resistance
caused by the flip of spins in the domain inside the grain and at the interface of grain
boundaries is much smaller compared to the increase in resistance caused by electron
scattering at grain boundaries due to spin disordering at the interface. This reduces the
decrease of

at lower temperature. However, for the magnetic measurements,

what was mainly measured is the contribution from the grains ( not from the grain
boundaries). Therefore, Tf reflects the intrinsic 7/ of the material.
It is not unexpected that some broadening of the transition temperature occurs when
the material becomes increasingly granular [102]. There are several physical models,
some granular and others continuum that can explain this phenomenon. One of them
is the mean field theory first proposed by Gittleman et al. [103,104].
Magnetoresistance can display two peaks. The high temperature one is due to the
magnetic ordering of the individual grains. The low temperature peak is attributed to
the ordering of the grains with respect to each other [103,104].
The other model, which neglects the interactions between the grains, attributes the
high temperature peak to the transition temperature of the very large clusters, while
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the low temperature peak is attributed to the smaller grains whose transition
temperature is suppressed by the surface interactions.
As for why resistivity increases with increasing zinc doping while the magnetisation
decreases with it, the following reasons are:
►

All samples presented in this work have similar granularity, and the increase

in resisitvity, p, can be discussed regardless of any grain boundary effects.
►

The transport measurements show that the insulator to metal transition

temperature,

decreases with increasing zinc substitution on the Mn site, and the

resistivity increases. The T^m variations agree with the magnetic measurement data
for x < 0.3. The compound changes from ferromagnetic to paramagnetic for x > 0.3.
The possible mechanism behind the effects of zinc doping into the Lao.8Sro.2Mn 1.
xZnx03 system involves degradation of the double exchange between Mn3+ - O - Mn4+
in this compound.
►

For the parent manganite oxide (x = 0) there is Zener’s double exchange

mechanism between the manganese and oxygen ions:
Mn3+ - O - Mn4+

(3 1 )

It involves a transfer of an electron from the Mn3+ site to the intervening oxygen ion
together with another simultaneous electron transfer from the oxygen ion to the Mn4+
site.
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Introducing a very small concentration of zinc influences the double

exchange because the non magnetic zinc ion can not participate in the double
exchange:
Mn3+ - O - Zn2+
►

(3 2 )

Increasing the zinc doping changes the Mn3+ / Mn4+ ratio with the amount of

Mn4+increasing in a linear way with increasing Zn2+ doping.
Chemical substitution is an important way of increasing our understanding of these
materials. Doping the Lao.8Sro.2Mni_xZnx03 system with zinc structurally tunes and
changes its properties, as shown in part two.
Although there are still many unanswered questions connected with the theory of
colossal magnetoresistance, the possible mechanism behind the effects of zinc doping
into Lao.8Sro.2Mni-xZnx03 system involves degradation of the double exchange
between Mn3+ - O - Mn4+

in the compound as Mn ions are replaced by

nonmagnetic ions that cannot participate in the exchange [26, 62, 63] and thus act as a
barrier to electron transport.

CHAPTER SIX

SUMMARY

106

PART TWO

EXPERIMENTS, RESULTS AND DISCUSSION

CHAPTER SIX

SUMMARY

The effects of zinc doping on the colossal magnetoresistance of the Lao.sSro.2Mn 1.
xZn x03 system with x = 0, 0.01, 0.03, 0.05, 0.1,0.15, 0.3, 0.5 and 0.75 were studied
using x-ray diffraction patterns, scanning electron microscope images, and transport
and magnetic properties measurements.
All polycrystalline samples were prepared by the standard solid state reaction.
Appropriately high purity (99.9%) proportions of La2Û 3, SrCCb,

and ZnO

were weighed out according to the nominal compositions of Lao.sSro.2Mni.xZn x03
with x = 0, 0.01, 0.03, 0.05, 0.1, 0.15, 0.3, 0.5 and 0.75. These powders were mixed
thoroughly, ground, pressed into pellets 10 mm in diameter, and sintered twice at
1250° C - 1300° C for 10 hours with one very careful intermediate grinding and
mixing step.
Structural characterisation of the samples was done by x-ray diffraction and scanning
electron microscopy measurements. X-ray powder diffraction results indicate a single
orthorhombic phase over the region of 0 < x < 0.5. However, the x-ray diffraction
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patterns of the Lao.8Sro.2Mni.xZn x03 system with x —0.5 and 0.75 show an impurity
phase of Z n02.
Lattice parameters were calculated using the relation for the orthorhombic unit cell.
Results showed that the lattice parameters (a, b, c) increase with an increase in the
zinc doping level.
The morphology of the Lao 8Sro.2Mni.xZn x03 system was studied by scanning
electron microscope images using two magnifications: 1.5 K and 5.0 K. The average
grain size was defined from the scanning electron microscope images and found to be
1 - 3 fim. It was concluded that the grain size of the Lao.8Sr0.2Mni.xZn x03 system
decreases with an increase in the zinc doping level.
Transport measurements were performed by the four-probe technique. Results
indicate that the resistivities as well as the insulator to metal transition temperature,
Tj.m , are strongly dependent on composition. 7).m decreases with increasing zinc
substitution on the Mn site, while the resistivity of the Lao.8Sro.2Mni.xZn x03 system
increases with an increase in the doping level. To investigate how the resistivity, p,
measured in Ohm.cm changes with zinc doping in the Lao.8Sro.2Mni.xZnx0 3 system,
we determined the resistivity at two different temperatures of 50 K and 320 K. From
the plot, we concluded that the resistivity of the Lao.8Sro.2Mni.xZnx0 3 system at the
temperatures of 50 K and 320 K is strongly dependent on composition and increases
with an increase in zinc doping. However, the resistivity increases dramatically at a
doping level of 10 % zinc at a temperature of 320 K from 0.003 Ohm.cm for the
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parent manganese oxide to 3.367 Ohm.cm for the zinc doped manganese oxide with
x - 0.1. At the lower temperature of 50 K, the resistivity increases slightly from
0.003 Ohm.cm for x = 0 to 0.413 Ohm.cm for a doping level of 10 % zinc.
Magnetic measurements were performed in a field of

0.01 T and 1 T for the

temperature region between 4.2 K and 340 K for standard and doped Lao.8Sro.2Mn 1.
xZn x03 system with x = 0, 0.01, 0.05, 0.1, 0.15, 0.3, 0.5 and 0.75. The measurements
were performed by the Physical Properties Measurement System ( PPM S).
Magnetisation curves show paramagnetic to ferromagnetic transitions depending on
the zinc doping level introduced into the system. The paramagnetic to ferromagnetic
temperature, 7/, defined from the physical properties measurements, decreases with
an increase in the zinc doping. The highest values of magnetisation were obtained for
an 1 % zinc doping level. Increasing the doping to 10 - 15 % zinc lowers the
magnetization values below the magnetisation values for the 1 - 5 % zinc doping
level, but the magnetisation values are still greater than the magnetisation of the
parent oxide.
Increasing the zinc doping level above 50 % eliminates the ferromagnetic transition,
and the magnetisation is constant at a very small value. The material shows
paramagnetic behavior over the temperature range: 4.2 K - 340 K.
The mechanism behind the magnetoresistance effect is still unclear. This work is an
attempt to learn more about colossal magnetoresistance materials and improve on
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their potential usefulness for magnetic memory devices and sensors by structurally
tuning the Lao.8Sro.2Mni-xZn x03 system. It is believed that double exchange involving
Mn3+ and Mn4+ ions plays an important role in CMR materials and Lao 7Sro 3Mn03 in
particular. Therefore, when the Mn site is doped with non-magnetic ions, such as Zn,
the double exchange proposed by Zener in 1951 [24] is weakened dramatically,
because the sites occupied by zinc ions can no longer participate.
There are many unanswered questions connected with the theory and the parameters
that cause this colossal magnetoresistance effect. This work is a continuation of
research in colossal magnetoresistance materials and an attempt to study the
Lao.8Sro.2Mni_xZn x03 colossal magnetoressistance system by doping with a new
largely uninvestigated material.

REFERENCES

1 10

REFERENCES
1.

Jakubovics, J. P., Magnetism and magnetic materials. Sec. ed. 1981.

2.

Kittel, C., Introduction to Solid State Physics. Fourth ed. 1971.

3.

Von Helmolt, R , Wecker, J., Holzapfel, B., Schultz, L., and Samwer, K.,
Phys, Rev. Lett., 1993. 71: p. 2331.

4.

Chahara, K., Ohno, T., Kasai, M., and Kozono, Y., Appl. Phys. Lett., 1993.
63: p. 1990.

5.

Ju, H., Kwon, C., Li, Q., Greene, L. R,, and Venkatesan, T., Appl. Phys. Lett.,
1994. 65: p. 2108.

6.

Manoharan, S. Sundar, Vasanthacharya, N. Y., Hegde, M. S., Satyalakshimi,
K. M., Prasad, V., and Subramanian, M. A., J. Appl. Phys., 1994. 76: p. 3923.

7.

Jin, S., Tiefiel, T. H., Me Connack, M., Fastnacht, R. A., Ramesh, R , and
Chen, L. H., Science, 1994.264: p. 413.

8.

Mahendiran, R , Mahesh, R , Raychaudhuri, A, K., and Rao, C. N. R , Solid
State Comm., 1995. 94: p. 515.

9.

Inoue, J., and Maekawa, S., Phys. Rev. Lett., 1995. 74: p. 3407.

10.

Madesh, R , Mahendiran, R , Raychaudhuri, A. K., and Rao, C. N. R , J. Solid
State Chem., 1995.120: p. 204.

11.

Madesh, R , Mahendiran, R , Raychaudhuri, A. K., and Rao, C. N. R , J. Solid
State Chem., 1995.114: p. 297.

12.

Kuwahara, H., Tomioka, Y., Asamutsu, A., Moritomo, Y., and Tokura, Y.,
Science, 1995.270: p. 961.

13.

Caignaert, V., Maignan, A., and Raveau, B., Solid State Comm., 1995. 95: p.
357.

REFERENCES

14.

111

Urushibara, A., Moritomo, Y, Arima, T., Asamutsu, A., Kido, G., and Tokura,
Y, Phys. Rev. B, 1995. 51(20): p. 14103.

15.

Maignan, A., Caignaert, V, Simon, Ch., Hervieu, M., and Raveau, B., J.
Mater. Chem., 1995. 5: p. 1089.

16.

Maignan, A., Simon, Ch., Caignaert, V., and Raveau, B., Solid State Comm.,
1995. 96: p. 623.

17.

Raveau, B., Maignan, A., and Simon, Ch., J. Solid State Chem., 1995. 117: p.
424.

18.

Tokura, Y, Urushibara, A., Moritomo, Y, Arima, T., Asamutsu, A., Kido, G.,
and Furukawa, N., J. Phys. Soc. Jap., 1994. 63: p. 3931.

19.

Tomioka, Y, Asamutsu, A., Moritomo, Y, Kuwahara, H., and Tokura, Y,
Phys. Rev. Lett., 1995. 75(5): p. 56.

20.

Raveau, B., et al., The important role of crystal chemistry upon the CMR
properties of manganities. Colossal magnetoresistance, charge ordering and
related properties of manganese oxides, ed. C.N.R. Rao and B. Raveau.
Second ed. 1998.

21.

Jonker, G. H., and Van Santen, J. H., Physica, 1950.16(3): p. 337 - 349.

22.

Goldschmidt, Geochemische Verteilungsgesetze der Elements, Vol. VII, VIII.

23.

1927.
Ramakrishnan, T.V., Theory of CMR materials. Some Questions. Colossal
magnetoresistance, charge ordering and related properties of manganese
oxides, ed. C.N.R. Rao andB. Raveau. First ed.1998. p. 325 - 345.

24.

Zener, C., Physical Review, 1951. 82(3): p. 403 - 405.

25.

Kramers, P. H. A., Physica, 1934.1: p. 183 - 192.

REFERENCES

1 12

26.

Goodenough, J. B., Physial Review, 1955.100(2): p. 564 - 573.

27.

Anderson, P. W., and Hasegawa, H., Physial Review, 1955. 100(2): p. 675 681.

28.

De Gennest, P.-G., Physial Review, 1960.118(1): p. 141 -154.

29.

Millis, A. X, Littlewood, P. B., and Shraiman, B. I., Physical Review Letters,
1995. 74(25): p.5144-5147.

30.

Bussmann-Holder, A., and Bishop, A. R , Philosophical Magazine B, 1999.
79(1): p. 119-125.

31.

Mahesh, R., and Itoh, M., Australian Journal of Physics, 1999. 52: p. 235 246.

32.

Nagaev, E.L., Physial Review B, 1999. 60(10): p. R 6984 - R 6986.

33.

Nagaev, E.L., Physica B, 1999. 259 - 261: p. 803 - 804.

34.

Nagaev, E.L., Australian Journal of Physics, 1999. 52: p. 305 - 317.

35.

Van Santen, J. H., and Jonker, G. H., Physica, 1950.16(7 - 3): p. 599 - 600.

36.

Schiffer, P , Ramirez, A. P, Bao, W., and Cheong, S-W., Physical Review
Letters, 1995. 75(18): p. 3336 - 3339.

37.

Urushibara, A., Moritomo, Y., Arima, T., Asamutsu, A., Kido, G., and Tokura,
Y., Physical Review B, 1995. 51(20): p. 14 103 - 14 109.

38.

Radaelli, P. G., J. Cox, D. E., Marezio, M., Cheong, S. -W., Schiffer, P. E.,
and Ramirez, A. P., Solid State Chem., 1996.122: p. 444.

39.

Troyanchuk, I. O., Sov. Phys. JETP, 1992. 75: p. 132.

40.

Wang, X. L., Kennedy, S. X, Liu, H. K., and Dou, S. X , J. Appl. Phys., 1998.

41.

83: p. 7111.
Sahana, M., Hegde, M. S., Shivakumara, C., Prasad, V., Subramanyam, S. V.,

REFERENCES

113

Appl. Phys. Lett., 1997. 70: p. 2909.
42.

Mahendiran, R., Mahesh, R., and Rao, C. N. R., J. Phys. D. Appl.Phys., 1995.
28: p. 1743.

43.

Tomioka, Y., Asamutsu, A., Moritomo, Y., Kuwahara, H., and Tokura, Y.,
Physical Review Letters, 1995. 75(5): p. 56.

44.

Maignan, A., Simon, Ch., Caignaert, V., and Raveau, B., Solid State
Communications, 1995. 96; p. 623.

45.

Wolfman, J., Simon, Ch., Hervieu, M., Maignan, A., and Raveau, B., J. Solid
State Chem., 1996.123: p. 413.

46.

Wolfinan, J., Maignan, A., Simon, Ch., and Raveau, B., J. Magn. Magn.
Mater., 1996.159: p. L299.

47.

Maignan, A., Martin, C., and Raveau, B., Z. Physik B, 1997.102: p. 19.

48.

Martin, C., Maignan, A., and Raveau, B., J. Mater. Chem., 1996. 6: p. 1245.

49.

Maignan, A., and Raveau, B., Z. Physik B, 1997.102: p. 209.

50.

Damay, F., Maignan, A., Nguyen, N., and Raveau, B., J. Solid State Chem.,
1996.124: p. 385.

51.

Jirak, Z., Krupicka, S., Nekvasil, V., Pollert, E., Villeneuve, G., and Zounova,
F., J. Magn. Magn. Mater., 1980.15: p. 519.

52.

Pollert, E., Krupicka, S., Simsa, Z., Dlouha, M., and Vratislav, V., J. Phys.
Chem. Solids, 1982. 43: p. 1137.

53.

Jirak, Z., Krupicka, S., Simsa, Z., Dlouha, M., and Vratislav, V., J. Magn.
Magn. Mater., 1985. 53: p. 153.

54.

Yoshizawa, H., Kawano, H., Tomioka, Y., and Tokura, Y., J. Phys. Soc. Jap.,
1996. 65: p. 1043.

REFERENCES

114

55.

Yoshizawa, H., Kawano, H., Tomioka, Y, and Tokura, Y, Phys. Rev. B, 1995.
52: p. R13145.

56.

Tomioka, Y, Asamutsu, A., Moritomo, Y, and Tokura, Y, J. Phys. Soc. Jap.,
1995. 64: p. 60.

57.

Lees, M. R., Barratt, J., Balakrishnan, G., MacK. Paul, D., and Yethiraj, M.,
Phys. Rev. B, 1995. 52: p. R14303.

58.

Raveau, B., Maignan, A., and Martin, C., Solid State Chem., 1997. 130: p.
162.

59.

Maignan, A., Damay, F., Martin, C., and Raveau, B., Mat. Res. Bull., 1997.
32: p. 965.

60.

Damay, F., Martin, C., Maignan, A., and Raveau, B., J. Magn. Magn. Mater.,
(in press).

61.

Manoharan, S. Sundar, Ju, H. L., Kannan, M., and Krishnan, M., J. Appl.
Phys., 1998. 83(11): p. 7183 - 7185.

62.

Awana, V. P S., Schmitt, R , Gmelin, R , Gupta, Anurag, Sedky, A., Narlikar,
A. V., de Lima, O.F., Cardoso, Claudio A., Malik, S. K., and Yelon, W. B.,
Journal of Applied Physics, 2000. 87(9): p. 5034 - 5036.

63.

Zhu, C., and R. Zheng, J. Phys.: Condens. Matter, 1999.11: p. 8505 - 8510.

64.

Soltanian, S., Wang, X. L., Liu, H. K., Horvat, J., Silver, T, and Dou, S. X.,
(in press).

65.

Shimakawa, Y., Kubo, Y ., and Manako, T ., Nature, 1996. 379: p. 53.

66.

Subramanian, M. A., Aravamudan, G., and Subba Rao, G. V, Solid State
Chem., 1983.15: p. 55.

67.

Fujinaka, H. Ninomura, N., Koizumi, M., Miymoto, Y, and Kume, S., Mater.

REFERENCES

115

Res. Bull., 1979.14: p. 1133.

68 .

Raju, N. P,, Greedan, J. E., and Subramanian, M. A,, J.E. et al., Phys. Rev. B,
1994. 49: p. 1086.

69.

Subramanian, M. A., Toby, B. H., Ramirez, A. P , Marshall, W. J., Sleight, A.
W., and Kwei, G. H., Science, 1996. 273: p. 81 - 83.

70.

Ramirez, A. P , Cava, R. J., and Krajewski, J., Nature, 1997. 386: p. 156 159.

71.

Feinberg, D., Germain, R, Grilh, M., and Seibold, G., Physical Review B,
1998. 57(10): p. R5583 -R5586.

72.

Paolone, A., Roy, P., Pimenov, A., Loidl, A., Melnokov, O. K., and Shapiro,
A. Ya., Physical Review B, 2000. 61(17): p. 11 255 - 11 258.

73.

Hwang, H. Y., Cheong, S-W., Radaelli, P. G., Marezio, M., and Batlogg, B.,
Physical Review Letters, 1995. 75(5): p. 914 - 917.

74.

Wollan, E. O., and Koehler, W. C., Physical Review, 1955. 100(2): p. 545 563.

75.

Raveau, B., et al., The important role of crystal chemistry upon the CMR
properties of manganities. Colossal magnetoresistance, charge ordering and
related properties o f manganese oxides, ed. C.N.R. Rao and B. Raveau.
Second ed. 1998.

76.

Raveau, B., Maignan, A., Martin, C., and Hervieu, M., Chemistry of
Materials, 1998.10(10): p. 2641 - 2652.

77.

Sun, LZ., Phil. Trans. R. Soc. Lond. A, 1998. 356: p. 1693 -1712.

78.

Chainani, A., Mathew, M., and Sarma, D. D., Physical Review B, 1993.
7(23): p. 15 397 -15 403.

REFERENCES

79.

116

Saitoh, T., Bocquet, A. E., Mizokawa, T., Namatame, H., Fujimori, A.,
Abbate, M., Takeda, Y., and Takano, M., Physical Review B, 1995. 51(20): p.
13 942- 13 951.

80.

Asamutsu, A., Moritomo, Y., Tomoika, Y., Arima, T., and Tokura, Y., Nature,
1995.373: p. 407 - 409.

81.

Sarma, D. D., Shanthi, N., Krishnakumar, S. R., Saitoh, T., Mizokawa, T.,
Sekiyama, A., Kobayashi, K., Fujimori, A., Weschke, E., Meier, R., Kaindl,
G., Takeda, Y., and Takano, M., Physial Review B, 1996. 53(11): p. 6873 6876.

82.

Mahendiran, R., Raychaudhuri, A. K., and Rao, C. N. R., Appl. Phys. Lett.,
1995. 66: p. 233.

83.

Rao, C.N.R., Preparation of Materials. . Colossal magnetoresistance, charge
ordering and related properties o f manganese oxides, ed. C.N.R. Rao and B.
Raveau. Second ed. 1998.

84.

Kittel, C., Introduction to Solid State Physics. Fourth ed. 1971.

85.

Wells, A F., M odels in Structural Inorganic Chemistry. Second ed. 1970,
Oxford.

86.

Nockolds, C., Operation o f the Scanning Electron Microscope. 2000, Sydney:
EMU, The University of Sydney. 50.

87.

Reimer, L., Scanning Electron Microscopy: physics of image formation and
microanalysis. Second ed., 1985.

88.

Goldstein, Scanning electron microscopy and X-ray microanalysis. Second

89.

ed., 1981.
Upretu, K., Flux Pinning Behaviour o f different Types o f Bi 2212 Single

REFERENCES

117

crystals. Temperature Scaling of Activation Energy, Master Thesis. 1999.
University of Wollongong, Australia
90.

Jiles, D., Introduction to magnetism and magnetic materials. Second ed. 1998.

91.

ACMS User's Manual Quantum Design. 1995.

92.

Wang, X. L., Gehringer, P , Lang, W , Horvat, 1, Liu, H. K., and Dou, S. X.,
Solid State Comm., 2000.117(1): p. 53 - 56.

93.

Kim, K. H., Gu, J. Y., Choi, H. S., Eom, D. J., Jung, J. H., and Noh, T. W.,
Phys. Rev. B, 1997. 55: p. 4023.

94.

Heremans, J. J., Watts, S., Wirth, S., Yu, X., Gillman, E.S., Dahmen, K. H.,
and von Moinar, S.J. Appl. Physics, 1998. 82(11): p. 7055 - 7057.

95.

Hwang, H. Y., Cheong, S-W., Qng, N. P , and Batlogg, B., Phys. Rev. Lett.,
1996. 77: p. 2041.

96.

Gupta, A., Gong, G. Q., Gang Xiao, Duncombe, P. R , Lecouer, P , Trouilloud,
P., Wang, Y. Y., Dravid, V. P , and Sun, J. Z., Phys. Rev. B, 1996. 54: p.
R15629.

97.

Shreekala, R., Rajeswari, M., Ghosh, K., Goyal, A., Gu, J. Y., Kwon, C.,
Trajanovic, Z., Boettcher, T., Greene, R. L., Ramesh, R , and Venkatesan, T.,
Appl. Phys. Lett., 1997. 71: p. 282.

98.

Wang, X. L., Dou, S. X., Liu, H. K., Ionescu, M., and Zeimetz, B., Appl.
Phys. Lett., 1998. 73(3): p. 396 - 398.

99.

Gypta A., Low-field magnetoresistance induced by grain boundaries in doped
manganese perovskites. Colossal magnetoresistance, charge ordering and
related properties o f manganese oxides, ed. C.N.R. Rao and B. Raveau.
Seconded. 1998. p. 189-205.

REFERENCES

118

100. Pickett, W. E., and Singh, D. J., Phys. Rev. B, 1996. 53: p. 1146.
101. Hundley, M. F., Hawley, M., Heffiier, R. H., Jia, Q. X., Neumeier, J. J.,
102. Tesmer, J., Thompson, J. D., and Wu, X. D., Appl. Phys. Lett., 1995. 67: p.
860.
102. Rubinstein, M., Broussard, R. P , Allen, L. H., and Hathaway, K. B., Appl.
Physics, 1998. 83(11): p. 7067 - 7069.
103. Gittleman, J. L., Goldstein, Y., and Bozowski, S., Phys. Rev B, 1972. 5: p.
3609.
104. Morup, S., and Christiansen, G., Phys Rev. Lett., 1976. 37: p. 1429.

THE
B O O K B IN D IN G
COM PANY

